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ABSTRACT 
Managing the Copper Paradox: 
Protein Stability, Copper-Binding, and Inter-Protein Interactions of Copper Chaperones 
by 
Faiza Hussain 
To minimize copper (Cu) toxicity, organisms have evolved Cu transport pathways 
involving soluble metallochaperones that bind, transport, and deliver Cu+ to specific 
partner proteins, such as Cu-ATPases. The human Cu chaperone, Atoxl, delivers Cu to 
the metal-binding domains of Menkes (MNK) and Wilson (WND) disease proteins that 
are Cu-ATPases in the Golgi network that transfer Cu to cuproenzymes (e.g., 
ceruloplasmin) that traverse the Golgi lumen. The metal binding motif, MetXiCysXXCys, 
and the ferredoxin-like fold appear conserved in both cytoplasmic Cu chaperones and 
the cytoplasmic metal-binding domains of the target Cu-ATPases from different 
organisms. 
The work reported here provides a basic understanding of in vitro holo- and apo-
protein stability, Cu-dissociation mechanisms, and donor-acceptor interactions of key 
copper transport chaperones. Studies were conducted on purified protein variants using 
circular dichroism, fluorescence, and absorbance methods in equilibrium and time-
resolved modes. We developed a kinetic assay to determine the Cu-dissociation 
mechanism of these proteins and a near-UV CD method for monitoring interactions 
between Atoxl and WND domains to complement NMR measurements and computer 
simulations. 
Despite the conservation of the overall structural fold, the chaperones Atoxl and 
its bacterial homolog, CopZ, and the metal-binding domains of WND, W2 and W4, have 
variable chemical and thermal stability in vitro. The role of residues proximal to the 
metal-binding site was determined using Atoxl as a prototypical Cu chaperone. MetlO 
is essential for structural stability of Atoxl. Thr l l (position Xi) seems to be conserved, 
not for integrity of protein structure, but for facilitating metal exchange between Atoxl 
and a receptor domain. The structural proximity of the charged side-chain of Lys60 
neutralizes the Cu-thiolate center in Atoxl. Replacement of Lys60 with an Ala or Tyr 
results in a higher rate and extent of loss of the metal to small molecule chelator, BCA, 
than those for wtAtoxl. Lys60 also provides electrostatic interactions crucial for Atoxl 
interaction with W4. Thus, each proximal residue contributes to fine-tuning copper 
binding and its release mechanism to both the non-physiological Cu chelator, BCA, and 
the physiological acceptor of the WND protein, W4. Our new kinetic and spectral assays 
provide a comprehensive in vitro experimental platform for more advanced future 
mechanistic and kinetic studies. 
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Chapter 1: 
The Copper Paradox: Essential yet Toxic 
1.1 Elements of life 
The chemistry of life in all biological systems relies predominantly on carbon, 
oxygen, hydrogen, and nitrogen, which constitute 99% of the total number of atoms in 
the human body (Silva and Williams, 2001). The chemical diversity of the remaining 1% 
of the essential elements allows for a myriad of functions ranging from electrical and 
osmotic homeostasis (Na, K, CI), catalysis (Fe, Cu, Co, Ni, Mo), transport (Fe, Cu), to 
maintaining structural integrity of biological macromolecules (Mg, Ca, Zn, Mn) (Roat-
Malone, 2003). Transition metals comprise a significant majority of these trace 
elements. Transition metals may exist in either a single oxidation state, like Zn (Zn++), 
and function as structural elements or in multiple oxidation states, like Fe (Fe++ or Fe+++) 
and Cu (Cu+ or Cu++), to serve as electron carriers, as promoters of oxygen transport, or 
in enzyme catalysis. The abundance of the elements and role in physiology are 
interdependent and interlinked with their location within the biological system (Roat-
Malone, 2003). 
An intricate balance is needed to maintain elements essential for life in 
concentrations that support normal physiological functions. Essentiality has been 
defined in terms of necessity of an element in carrying out a biological function 
pertinent to the development of an organism (Roat-Malone, 2003). Both elemental 
deficiency and overload may prove detrimental to organismal well-being. Thus, nature 
has generated complex, unique mechanisms to ensure optimum accumulation of 
2 
elements to fulfill the obligatory needs of an organism. The average dietary intake of 
iron and copper in humans is approximately 1 mg/day, with total reserves of iron ~ 4.5 
g, whereas only 80 mg of Cu is present (Halliwell and Gutteridge, 1990; Tapiero et al., 
2003). The presence of distinct pathways of absorption and excretion, optimized for 
individual elements, ensures homeostasis is maintained regardless of initial intake. 
1.2 Bioavailability of metals: focusing in on copper 
1.2.a Copper chemistry in biology: The utilization of metals in proteins, dictated by 
bioavailability, has evolved over time with the Earth's changing chemical composition 
(Ridge et al., 2008). The shift from anoxic to oxic atmosphere has been estimated to 
occur 2.4-2.3 billion years ago due to accumulation of the by-product of photosynthesis, 
oxygen, by the ancestors of cyanobacteria (Catling and Claire, 2005; Dietrich et al., 
2006). With the advent of oxygen in the atmosphere, metal ions such as Cu, Co, Ni, Zn, 
and Cd, initially in sulfide complexes, became soluble/bioavailable. Of these various 
trace metals considered essential for life, copper (Cu) presents an interesting case, as it 
is the most efficient divalent (Cu++) and monovalent (Cu+) ion in forming complexes with 
organic ligands according to the Irving-Williams series and has a redox potential 
optimum for biological electron-transfer reactions (Silva and Williams, 2001). In aqueous 
medium, copper ions disproportionate according to the following reactions (Chang, 
2002): 
Cu+(aq) + e" Cu° 
Cu 2 + ( aq ) + e Cu + (aq ) 
2 C u + ( a q ) < H > CU°(S) + Cu 2 + ( aq ) E° = +0.37 V 
E° =+0.153 V 
E° = +0.52 V 
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Given the overall reduction potential, copper can readily interconvert between 
the oxidized and reduced forms. This reduction potential is dramatically affected by the 
ligands surrounding copper ions in a protein. Cu(l) ions prefer soft ligands such as sulfur 
(cysteine thiol and methionine thioether), while Cu(ll) ions have a preference for harder 
ligands, such as nitrogen (histidine imidazole) or oxygen (aspartic and glutamic carboxyl) 
(Roat-Malone, 2003). Copper enzymes involved in redox reactions contain both types of 
ligands that allow the metal to exist in the two different oxidation states. Copper 
centers in enzymes have been classified into three types based on the ligand 
environment and coordination geometry around the metal center (Roat-Malone, 2003). 
Type I copper centers have a distorted tetrahedral geometry and are characterized by 
intense absorption spectrum around 600 nm due to cys (S) Cu++ ligand to metal 
charge transfer (LMCT) (Gray et al., 2000). LMCT arises from transfer of electrons from a 
predominantly ligand orbital to a predominantly metal orbital and usually occurs when 
the metal is in a high oxidation state. Type I copper centers serve as electron transfer 
sites and typically have a combination of sulfur and nitrogen ligands (Roat-Malone, 
2003). Type II copper centers adopt several different coordination geometries ranging 
from trigonal to tetragonally distorted octahedral and function mainly in oxidation of 
substrate molecules (Roat-Malone, 2003). Type III copper centers contain binuclear Cu++ 
sites and serve as the 02-reducing site in numerous oxidases (Roat-Malone, 2003). 
Although most copper-containing metalloenzymes contain a single type of copper 
center, some contain all three types of copper centers (e.g., ceruloplasmin and 
ascorbate oxidase) (Bertini, 2007). 
4 
The ability to tolerate a diverse range of ligands and coordination environments 
makes copper a metal of choice for biologically relevant processes. It is no surprise that 
of the 205 aerobic bacteria analyzed, 94% required cuproproteins for survival, whereas 
only 27% of the 85 anaerobic bacteria depended on cuproproteins (Ridge et al., 2008). 
Furthermore, 84% of the cuproproteins, such as cytochrome c oxidase (COX) in aerobic 
prokaryotes, exploit Cu's redox potential by utilizing the metal in redox reactions for 
ATP production (Ridge et al., 2008). Aerobic eukaryotes also utilize Cu as a cofactor in 
COX which is the terminal oxidase in cellular respiration (Capaldi, 1990). Various other 
proteins utilize copper as a cofactor (Table 1). 
Table 1: List of copper-binding proteins with their localization and function. 
Protein Site Function 
Ceruloplasmin Blood plasma Oxidation of Fe++ to Fe+++ 
Cu/Zn Superoxide dismutase Cytoplasm Superoxide ion detoxification 
Tyrosinase Extracellular Oxidation of phenols 
Lysyl oxidase Extracellular Collagen cross-linking (02 reduction) 
Haemocyanin Blood 
Oxygen transport (mainly in 
crustaceans) 
Plastocyanin Lumen of thylakoid membrane 
Electron transfer agent in 
photosynthesis 
1.2.b The two faces of copper: Cu/Zn superoxide dismutase in the cytoplasm scavenges 
free radicals according to the following reactions (Tainer et al., 1983): 
SOD-Cu++ + 0 2 ^ SOD-Cu+ + 0 2 
SOD-Cu+ + -02~ + 2H+ SOD-Cu++ + H202 
Although Cu in superoxide dismutase catalyzes the conversion of superoxide anion to 
the less toxic hydrogen peroxide, it can also serve as a catalyst in generation of reactive 
oxygen species (ROS) by oxidizing biological macromolecules via its highly reactive 
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cuprous ion by engaging in Fenton-like reactions, such as that shown below (Uriu-Adams 
and Keen, 2005). 
Cu+ + H202 Cu++ + -OH + :OH~ 
The hydroxyl radical (-OH), with a redox potential of +2300 mV, is a highly potent 
oxidizing agent which can induce damage to macromolecules by attacking bases in 
nucleic acids, amino acid side chains in proteins, and double bonds in unsaturated fatty 
acids (Buettner and Jurkiewicz, 1996). Furthermore, it has been established that singlet 
oxygen is the main reactive species generated upon reaction of Cu++ with hydrogen 
peroxide (Frelon et al., 2003). Unlike triplet oxygen which has two unpaired electrons 
with parallel spin, the unpaired electrons of singlet oxygen have antiparallel spin which 
makes it highly reactive (Schweitzer and Schmidt, 2003). Singlet oxygen reacts with DNA 
to produce 8-hydroxydeoxyguanosine (8-OHdG) and its resonance structure, 8-oxo-7,8-
dihydroguanine (8-oxoG) (Ravanat et al., 2000). These base modifications account for 
5% of all oxidative DNA damage; they are mutagenic because the modified guanine pairs 
up with adenosine instead of cytosine during DNA replication resulting in spontaneous 
mutations that over time prove deleterious to the organismal well-being (Dizdaroglu, 
1992). Thus, Cu is a double-edged sword with its paradoxical roles of both a promoter 
and suppressor of oxidative stress. 
The Cu quota in S. cerevisiae is 5.2 x 105 atoms per cell (Finney and O'Halloran, 
2003); however, to minimize toxicity, the "free" copper concentration (i.e., hydrated Cu 
ions) in yeast cells is 10"18 M, which translates to less than 1 atom per cell (Rae et al., 
1999). The concentration of "free" Cu ions in human blood plasma is almost non-
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existent, with estimates around 1013 M (Tapiero et al., 2003). Small molecule copper 
chelators (e.g., glutathione present in concentrations up to 3 mM (Davis and O'Halloran, 
2008)), as well as cysteine-rich metal-binding peptides, metallothioneins, contribute to 
Cu chelation in the cytoplasm (Kagi and Schaffer, 1988). Given such overcapacity of Cu 
chelation, investigating how Cu-binding proteins acquire Cu is of significant interest. 
1.3 Copper-trafficking proteins 
The missing piece of the puzzle is Cu-trafficking proteins, both membrane-bound 
(P-type adenosine triphosphatase, ATPase) and soluble (chaperone), that function in Cu 
import, inter-protein metal transfer, as well as excretion to maintain Cu homeostasis in 
living organisms. The first Cu chaperone to be identified was the yeast Antioxidantl 
(AtxI) (Lin and Culotta, 1995). The yeast cytoplasm also has a copper chaperone for 
superoxide dismutase (CCS) that shuttles Cu to Cu, Zn superoxide dismutase as well as 
COX17 that shuttles Cu to proteins localized in the mitochondrial membrane for 
subsequent metal delivery to cytochrome c oxidase. The individual pathways of Cu 
transport mediated by these chaperones are conserved in all eukaryotes (Arnesano et 
al., 2002). 
The yeast AtxI is a prototypical Cu chaperone that shuttles Cu to cytoplasmic 
metal-binding domains of the Ccc2 Cu-ATPase localized in the membrane of the trans-
Golgi network (TGN). Through ATP hydrolysis, the ATPase translocates Cu to the Golgi 
lumen for incorporation in the ferroxidase, Fet3, which traverses the lumen before 
localization to the plasma membrane. Both the copper chaperone and the Cu-ATPase 
are structurally conserved across all phyla from prokaryotes to eukaryotes (Wada and 
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Kaplan, 2004), with slight functional variations due to the advent of 
compartmentalization in higher organisms. 
1.4 Basics of the copper chaperone and the P-type copper-ATPases 
All Atxl homologs have a ferredoxin-like a/P fold (two a-helices located on the same 
side of four antiparallel twisted (B-strands) (Figure 1) typical of proteins that bind 
inorganic ions or clusters, such as ferredoxins (Fe-S cluster proteins), bacterial mercury 
resistance protein (MerP), and NikR (nickel-responsive transcriptional factor) 
(Rosenzweig et al., 1999; Rosenzweig and O'Halloran, 2000; Schreiter et al., 2003). The 
metal binding motif, MetXCysXXCys, is also evolutionarily conserved with the two Cys 
side chains positioned in a surface-accessible loop that serve as Cu ligands (Arnesano et 
al., 2002) (Figure 1). 
yeast Atxl human Atoxl bacterial CopZ 
Figure 1: Solution structures of Atxl and homologs. Solution structures of copper-bound 
(i.e., holo) forms of yeast Atxl (pdb lfd8 (Arnesano et al., 2001b)), human Atoxl (pdb 
ltl4 (Anastassopoulou et al., 2004)), and bacterial CopZ (pdb IkOv (Band et al., 2001)) 
revealing the evolutionarily conserved ferredoxin-like fold. Alpha helices and beta 
strands are shown in blue and red, respectively. The metal-binding Cys (purple) residues 
and the conserved methionine (green) residue are highlighted. Sulfur atoms are shown 
in yellow, and copper is shown as a brown sphere. 
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The P-type ATPases are ubiquitous membrane protein cation pumps involved in 
cation uptake, efflux, and exchange across membranes (Arnesano et al., 2002; DiDonato 
et al., 2002). All P-type ATPases have an invariant aspartyl residue in a DKTG motif (in 
the P-domain) which is phosphorylated by ATP, bound to the nucleotide domain, to 
activate the pump (Figure 2); variability is found in the number of trans-membrane 
segments (TMS) and their arrangement that is dependent on cation-specificity (Wada 
and Kaplan, 2004). 
Figure 2: Cartoon depiction of the major domains of human Cu-ATPase. The eight 
transmembrane segments are shown in orange with the CPC motif predicted to bind Cu 
labeled. The six N-terminal metal-binding domains (gray) with the inter-domain linkers 
followed by the actuator domain (A-domain, blue) and the ATP-binding domain, which is 
composed of the phosphorylation domain (P-domain, green) and the nucleotide domain 
(red) that function together in the enzymatic cycle. 
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The P1B subfamily of ATPases is specific for translocation of transition metals, 
such as Cu, Ag, Zn, Ni, Cd, and Pb, and has 8 TMS (Figure 2), whereas the P2 subfamily 
with 10 TMS is specific for non-heavy metals (Na, K, Ca, and Mg) and protons (Wada and 
Kaplan, 2004). The predicted "ion channel" in the sixth TMS of PIB-type ATPases has an 
invariant Pro residue, which is flanked by Cys residues on both sides in a large majority 
of Cu-ATPases giving rise to the name CPC-type ATPases (Solioz and Vulpe, 1996). A 
distinct feature of the Cu-ATPases is the presence of multiple Atxl-like soluble, N-
terminal metal-binding domains (MBDs) with the ferredoxin-like fold and the metal-
binding motif, MetXCysXXCys (Figures 2 & 3). The number of MBDs depends on the 
evolutionary hierarchy of the organism, ranging from one in prokaryotes to six in 
mammalian Cu-ATPases (Harris, 2003) (Figure 3). To date, the role of multiple MBDs is 
not clear, but functional redundancy has been ruled out, as the domains are not 
functionally equivalent. The MBDs closest to the trans-membrane segments cannot 
complement the more N-terminal MBDs in mutational studies of the human Cu-
ATPases (Forbes et al., 1999). 
Figure 3: Superimposition of yeast Atxl and human W4. 
Superimposition of NMR structures of apo-forms (i.e., 
without copper) of yeast Atxl (cyan, pdb lfes 
(Arnesano et al., 2001b)) and fourth metal-binding 
domain of Wilson disease protein (W4) (gray, pdb 2rop 
(Banci et al., 2008a)) revealing the ferredoxin-like fold. 
The Met (green) and Cys (purple) residues of the 
conserved metal binding motif, MetXCysXXCys, are 
shown in CPK and stick representations in Atxl and W4, 
respectively. Sulfur atoms are highlighted in yellow. 
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1.5 Evolutionarily conserved players of the copper-trafficking pathway 
1.5.a Focusing in on prokaryotes: Cu homeostasis in prokaryotes is regulated by the cop 
operon which encodes gene products that are evolutionarily conserved, such as the 
copper chaperone and the Cu-ATPase pumps, as well as additional proteins unique to 
each organism. The cop operon in the Gram-positive bacterium, Enterococcus hirae (Eh), 
is comprised of copA and copB (Cu-ATPases), copY which encodes a Cu-responsive 
repressor, and the copZ gene which encodes a soluble copper chaperone homologous to 
AtxI (Odermatt et al., 1992; Odermatt et al., 1993) (Figure 4). A copY deletion strain 
(AcopY) constitutively over-expressed copA and copB, whereas AcopZ strains showed 
diminished expression (Odermatt and Solioz, 1995). Based on knock-out and interaction 
studies, EhCopA imports Cu into the cytoplasm, where the metal is sequestered by 
EhCopZ via direct protein-protein interactions (Multhaup et al., 2001) and delivered to 
CopY (Cobine et al., 1999). On the other hand, EhCopB exports Cu out of the cell in a 
defense mechanism to minimize toxicity under elevated Cu conditions (Solioz and 
Odermatt, 1995). Not all constituents of the cop operon are conserved across phyla. The 
presence of a repressor, such as CopY, is not evolutionarily conserved. The cop operon 
in the Gram-positive bacterium, Bacillus subtilis (Bs), is under the control of a 
transcriptional activator, CueR, and does not have a CopY homolog but has CopZ and 
CopA homologs. The copper chaperone, SsCopZ, delivers Cu to the cytoplasmic metal-
binding domains of SsCopA localized to the plasma membrane for excretion. The Cu 
efflux pump SsCopA has 2 metal-binding domains, whereas its homologous Cu influx 
pump, f/iCopA, has only one. 
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Figure 4: Copper-trafficking in prokaryotes. Copper-trafficking in Enterococcus hirae is 
under the control of the cop operon. Copper (brown circles) is imported into the cell via 
the Cu-ATpase, CopA, and is picked up by the copper chaperone, CopZ, which delivers 
the metal to either CopY for induction of the cop operon or to CopB for export out of 
the cell. 
1.5.b Focusing in on eukaryotes: The Atxl human homolog, Atoxl (also known as 
Hahl), delivers Cu to the metal-binding domains of the Cu-ATPases, Menkes (also 
known as ATP7A) and Wilson (also known as ATP7B) disease proteins, localized to the 
trans-Glogi network (TGN) which in turn, translocate Cu to the Golgi lumen for 
incorporation into cuproenzymes such as tyrosinase and ceruloplasmin, respectively 
(Harris, 2003). Human Cu-ATPases serve a dual role: (1) Cu delivery to cuproenzymes 
under basal intracellular Cu levels and (2) internalization into vesicles that merge with 
either the plasma membrane for Cu export to blood (Menkes disease protein, MNK) or 
the bile duct (Wilson disease protein, WND) for Cu excretion (Bertinato and L'Abbe, 
2004). Disruption of this pathway caused by mutations in the Cu-ATPases results in Cu 
imbalance and is manifested in the form of Menkes and Wilson diseases. 
1.6 Human Cu transport and differential roles of Menkes and Wilson disease proteins 
The average dietary intake of copper in adults is 2-5 mg/day, approximately 40% 
of which is absorbed across the mucosal membrane of the duodenum (Kodama and 
Fujisawa, 2009). Main sources of Cu in the diet include nuts, beans, and shellfish. 
Dietary Cu is predicted to be in the oxidized form, but the reducing environment of the 
intestinal lumen and metal reductases on the apical membrane of enterocytes 
(epithelial cells in the duodenum) convert it into the reduced form (Sharp, 2004). Cu is 
then imported into the cytoplasm of enterocytes via the human copper transporter 1 
(hCtrl) (Moller et al., 2000) (Figure 5). The hCtrl integral membrane protein forms a 
symmetrical homo-trimer with a putative pore that acts as an ion channel for Cu import 
into the cytoplasm in an ATP-independent manner (Nose et al., 2006). Final Cu 
destination is chaperone-dependent as Cu may either bind to copper chaperone for 
superoxide dismutase (CCS), COX 17, or Atoxl for delivery to Cu/Zn SOD (SOD1), COX, or 
Menkes disease protein (Figure 5). Based on homology modeling with the yeast CCS 
structure, the human CCS protein is predicted to have three domains; the N-terminal 
domain has a ferredoxin like fold (similar to Atoxl), the middle domain has a Greek-key 
(3-barrel structure (similar to SOD), and the C-terminal region is characterized mainly as 
a random coil and has a CXC motif predicted to bind and transfer Cu to SOD (Falconi et 
al., 1999). COX17 has two alpha helices, joined by a CHCH motif with the Cys acting as 
Cu ligands, and an unstructured N-terminal tail (Banci et al., 2008b). Copper 
homeostasis is further regulated by the soluble, cysteine-rich protein, metallothionein, 
in the cytoplasm which sequesters both copper and zinc (Kagi and Schaffer, 1988). 
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MNK is primarily expressed in enterocytes, blood-brain barrier and other tissues, 
with the exception of the liver (Pena et al., 1999). Under basal conditions, MNK 
translocates Cu to the Golgi lumen for incorporation into tyrosinase, lysyl oxidase, and 
dopamines-hydroxylase (Petris et al., 2000). Under elevated Cu conditions, MNK 
redistributes into a vesicular compartment and fuses to the plasma membrane for Cu 
excretion into the portal vein (Payne and Gitlin, 1998). Albumin and transcuperin bind 
copper in the portal vein for delivery to liver where a similar set of chaperones in 
hepatocytes, as those found in enterocytes, pick up Cu (Tapiero et al., 2003) (Figure 5). 
The MNK paralog, Wilson disease protein, is primarily expressed in hepatocytes 
where it picks up Cu from Atoxl and translocates it into the Golgi lumen for 
incorporation into ceruloplasmin (Figure 5). Ceruloplasmin (human homolog of yeast 
Fet3) is secreted into blood plasma where it oxidizes Fe++ to Fe+++ for binding to 
transferrin which delivers iron to peripheral tissues (Osaki et al., 1966). Under elevated 
Cu conditions, WND redistributes to vesicles and excretes Cu into the bile. Biliary Cu 
excretion is the only route of Cu excretion for maintaining Cu homeostasis (Gross et al., 
1989). 
MNK and WND have 57% sequence identity (Bertini, 2007) and utilize common 
biochemical processes. However, genetic mutations in the two proteins are manifested 
uniquely due to their differential expression. Menkes disease results in Cu deficiency in 
peripheral tissues as Cu is not exported out of the enterocytes. In contrast, Wilson 
disease results in Cu overload in the liver and subsequent cirrhosis. 
1.7 Genetic disorders of copper metabolism 
1.7.a Menkes disease: Menkes disease is an X-linked recessive genetic disorder 
characterized by accumulation of Cu in the intestine with subsequent Cu deficiency in 
other tissues (Bankier, 1995). This deficiency results in decreased activity of copper-
dependent enzymes in all tissues. Deficiency of Cu affects COX and SOD activity which 
results in severe neurological disorders; inability of lysyl oxidase to incorporate Cu 
results in connective tissue disorders (Bankier, 1995). More than 200 mutations have 
been identified in the Menkes ATPase (Turner et al., 1999). Treatment is mainly based 
on subcutaneous injections of Cu-histidine complex. However, copper transport into 
neurons is not possible since Cu cannot cross the blood-brain barrier; thus, the activity 
of copper-dependent enzymes is not restored and most patients do not survive beyond 
3 years of age (Kodama, 1993; Kodama and Fujisawa, 2009). 
1.7.b Wilson disease: Wilson disease is an autosomal recessive disorder with a 
prevalence of approximately 1 in 30,000 (Mak and Lam, 2008). To date, more than 200 
mutations in the ATPase have been discovered that cause malfunction of the ATPase at 
different levels resulting in early or delayed onset of the disease (Kodama and Fujisawa, 
2009). Wilson disease is characterized by accumulation of copper in the liver as biliary 
excretion of copper and incorporation of copper into ceruloplasmin is obstructed. 
Copper is eventually released into the blood plasma which results in copper deposits in 
various tissues, such as the kidney, cornea (evident as Kayser-Fleischer ring), and brain. 
Symptoms include a wide range of neurological and hepatic disorders, and diagnosis is 
initially made by detection of low levels of ceruloplasmin in the serum which in turn 
leads to anemia (Brewer, 2000). Copper chelating agents, such as penicillamine, 
trientine, and tetrathiomolybdate are administered to decrease copper absorption and 
storage in the liver (Kodama and Fujisawa, 2009). Administration of zinc salts is also 
used as a treatment option in Wilson disease patients; zinc induces expression of 
metallothioneins which sequester copper and hinder intestinal copper absorption 
(Brewer, 2000). Although treatment options allow long-term survival of many Wilson 
disease patients, the associated toxicity of chelators has been known to have side 
effects ranging from immunological pathology to hepatocellular carcinoma (Kodama and 
Fujisawa, 2009). 
1.8 Present understanding of copper-trafficking pathway 
The presence of Cu chaperones and Cu-ATPases has been evolutionarily 
conserved from prokaryotes to eukaryotes. However, the overall goal of these key 
players in Cu-trafficking has been modulated to meet the needs of organisms depending 
on the complexity of organism hierarchy. Whereas these chaperones and ATPases work 
in conjunction to minimize Cu toxicity in prokaryotes, they facilitate incorporation of Cu 
into Cu-dependent enzymes in higher organisms in an environment that exhibits 
overcapacity for Cu chelation while sustaining Cu homeostasis. Structural and sequential 
homology in the chaperone and the cognate metal-binding domains of the Cu-ATPase 
points to the robustness of the protein fold with a surface accessible Cu site optimized 
for the metal transfer process. With the discovery of the first Cu chaperone, a plethora 
of investigations over the past 2 decades has formulated our present understanding of 
the structure, function, and mechanism of Cu-transport proteins in humans. The time is 
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ideal to dissect the role of conserved residues in protein stability and interaction with 
cognate target Cu-ATPase metal-binding domains using human Atoxl as a paradigm. 
1.9 Protein folding and stability in a nutshell 
Proteins in their native conformation are only marginally stable with the 
difference in free energy of the native and denatured state ranging from 20-60 kJ/mol 
(Fersht, 1999). The change in free energy between the unfolded and folded states of a 
protein is given by the thermodynamic relation 
AG = A H - TAS 
where AG is the change in Gibbs free energy, AH is the change in enthalpy, AS is the 
change in entropy, and T is the temperature. The unfolded state has inherently high 
configurational entropy relative to the more conformationally restricted, low entropic 
folded state. To maximize the hydrogen-bonding network, water molecules form an 
ordered lattice around the hydrophobic side chains of the unfolded polypeptide 
decreasing the overall entropy of the solvent. As the protein folds and loses 
considerable entropy, the enthalpy of packing of side chains in the folded state and the 
gain in entropy of the water molecules released compensates for the loss of entropy 
introduced by the folded state (Fersht, 1999). The major stabilizing force of protein 
folding is the hydrophobic effect (Fersht, 1999). The hydrophobic effect can be 
summarized as the tendency of non-polar molecules to minimize contact with the polar 
aqueous solvent by coalescing together and thereby causing rearrangement of the 
surrounding solvent molecules (Kauzmann, 1959). Although the unfolded polypeptide 
forms just as favorable hydrogen bonds with the aqueous solvent as the inter-chain 
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hydrogen bonds in the native protein, the increase in entropy of the solvent molecules 
upon burial of hydrophobic chains within the hydrophobic core drives protein folding 
(Fersht, 1999). 
Many small, single domain proteins fold and unfold in a cooperative (all-or-none) 
transition in which only the folded (F) and unfolded (U) states are populated. The F and 
U states are separated by a free energy barrier called the transition state (£) (Figure 6) 
(Jackson, 1998; Kamagata et al., 2004). 
Figure 6: Free energy 
diagram for a protein 
folding via a two-state 
mechanism. AGU-F is the 
Gibbs free energy change 
between the folded (F) 
and unfolded (U) states. 
The transition state (t) is 
formed at the top of the 
energy barrier. A G * U and 
AG*f are related to ku 
(unfolding rate constant) 
and kf (folding rate 
constant), respectively. 
Reaction coordinate 
The free energy of unfolding (AGU-F) is dependent on the equilibrium constant 
(KU-F) through the relation 
A Gu_f = —RTlnKy-p 
where K U _ F = 77 ([ ] specifies concentration). Ku-f is also the ratio of the unfolding and 
folding rate constants (kjkF). Since only two states are populated in this model, fF (mole 
* 
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fraction in folded state) plus fu (mole fraction in unfolded state) is equal to 1 and the 
above equation can be written as 
A GY_F = -RTLNJ^J-
To experimentally obtain AGU-F, proteins are exposed to increasing 
concentrations of denaturants, such as guanidine hydrochloride (GuHCI) or urea, while 
monitoring equilibrium changes in spectroscopic signals. The unfolding transitions 
obtained can be fitted to the two-state model, and the AGY data is then linearly 
extrapolated to zero denaturant concentration to obtain the stability in water, AG°H2O 
(Pace and Shaw, 2000). 
1.10 Protein-protein interactions 
A multitude of biological processes such as signal transduction, immune 
response, and enzyme catalysis involve interactions between proteins (Chothia and 
Janin, 1975). The mechanism of protein-protein recognition has become a focal point of 
investigations to decipher the intricacies of interaction surfaces vital for de novo protein 
engineering and drug design (Ma et al., 2003). However, there exists an inherent flaw in 
distinguishing protein complexes that are biologically relevant (found in vivo) and those 
resulting from artifacts of crystallization. 
Despite the limitations, some common characteristics of protein-protein 
recognition sites have surfaced. Typically, hydrophobic residues have a greater 
propensity to be present at interaction interfaces than in other surface regions (Jones 
and Thornton, 1996). One parameter closely related to the presence of hydrophobic 
residues at interfaces and in turn the hydrophobic effect is AASA (change in accessible 
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surface area) which is the difference between the solvent accessible surface area of a 
complex and the individual proteins (Glaser et al., 2001). In thermodynamic terms, the 
increase in entropy of water molecules due to smaller solvent accessible surface area of 
the complex compensates for the loss of entropy due to complex formation (Chothia 
and Janin, 1975). A prerequisite for interaction is the close packing of the interaction 
interface with shape and electrostatic charge complementarity as seen in enzyme-
inhibitor complexes and antibody-antigen complexes (Honig and Nicholls, 1995; Janin 
and Chothia, 1990). Movement of residues in the interaction surfaces to minimize steric 
clash and optimize hydrogen bonding network and shape complementarity is also 
typical (Janin and Chothia, 1990). 
While such generalizations about protein-protein recognition sites are useful, a 
more detailed analysis depending on the nature of the interaction can provide 
significant insight into the biochemical nature of the interacting interfaces (Ofran and 
Rost, 2003). Protein-protein interactions were separated into the following six 
categories (Ofran and Rost, 2003): 
1. Intra-domain: contact interfaces within the same structural domain. 
2. Domain-domain: contact interfaces within different structural domains in the 
same chain. 
3. Homo-obligomers (i.e., obligatory homo-oligomers): permanent contact 
interfaces between identical chains with a lack of evidence for any biological 
function of the monomer. 
4. Homo-complexes: transient contact interfaces between identical chains. 
5. Hetero-obligomers (i.e., obligatory hetero-oligomers): permanent contact 
interfaces between two different proteins. 
6. Hetero-complexes: transient contact interfaces between two different proteins. 
A residue pair was defined to be in contact if the distance between two closest 
atoms was < 6 A. Homo-complexes had a high proportion of arginine and methionine 
residues, whereas hetero-complexes had a greater proportion of tryptophan and 
tyrosine residues in the interface. Although some studies reported polar and charged 
residues contribute significantly to complex formation (Bahar and Jernigan, 1997; 
Sheinerman et al., 2000; Xu et al., 1997), others have downplayed the role of charged 
residues at the expense of non-polar residues (Zhou and Shan, 2001). Based on the 
different types of interacting interfaces, charged residues were not well-represented; 
the presence of lysine was minimal, whereas arginine was over-represented (Ofran and 
Rost, 2003). Although arginine is a charged residue, the carbon atoms of its bulky 
aliphatic side chain are prevalent in proximity to carbon atoms of other aliphatic and 
aromatic side chains (Bogan and Thorn, 1998; Glaser et al., 2001). Large hydrophobic 
residues, such as methionine and tyrosine, were more highly represented amongst all 
interfaces compared to small hydrophobic residues such as serine, alanine, and glycine 
(Ofran and Rost, 2003). 
Another parameter investigated was the residue-residue preference amongst the 
different interfaces. Only homo-obligomer interfaces had strong preferences for 
interactions between identical amino acid residues, whereas salt-bridges were non-
existent. Permanent interactions (homo- and hetero-obligomers) had a high degree of 
hydrophobic interactions. A more general analysis of ~600 protein-protein interfaces 
with high-resolution structures also revealed interactions between hydrophobic 
residues to be the most common (Glaser et al., 2001). An interesting insight from this 
investigation was the pairing of lysine-lysine residues in the interfaces through extended 
contacts made by the aliphatic chains. To minimize electrostatic repulsion, the charged 
amine groups of the lysine pairs were remotely distant from each other and either 
solvent exposed or involved in hydrogen bonds. 
To summarize, protein-protein interactions result from a fine balance between 
different physiochemical forces so that no single force is dominant. Fine-tuning of 
hydrophobic interactions, salt-bridges, and hydrogen bond networks contributes to the 
nature of the interaction interface. 
1.11 Our approach 
The research herein combines several biochemical and biophysical methods to 
elucidate different aspects of the Cu chaperones and selected Wilson metal-binding 
domains. Techniques such as circular dichroism, fluorescence, stopped-flow mixing, and 
gel filtration chromatography were employed to study purified proteins in absence of 
any tags. 
l . l l .a Circular dichroism (CD): Circular dichroism measures the difference in absorption 
of left- and right-handed circularly polarized-light due to structural asymmetry (Adler et 
al., 1973). Given the chiral nature of the peptide bond, secondary structure content of 
proteins can be characterized by far-UV CD (190-250 nm) (Kelly and Price, 1997). In the 
far-UV CD region (190-250 nm), alpha helices give unique negative minima at 208 and 
222 nm and positive maximum at 190 nm, whereas beta sheets give unique minima at 
216 nm and a positive peak around 195 nm (Figure 7). Random coil has a positive peak 
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around 215 nm and a negative peak around 196 nm (Figure 7). Therefore, based on the 
CD measurements, secondary structure of proteins can be estimated. The near-UV CD 
(250-350 nm) is particularly sensitive to the environment around aromatic residues, 
disulfide bonds, and cofactors (Kelly and Price, 1997). CD spectroscopy has been widely 
used for protein folding studies as the spectra of the native state for a protein differs 
significantly from the unfolded protein (Kelly and Price, 1997). 
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Figure 7: CD spectra of secondary structure 
elements. Characteristic CD spectra of alpha 
helix, beta sheet, and random coils. 
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l . l l .b Fluorescence: Fluorescence is the emission of a photon by a molecule that 
relaxes to its ground state after being electronically excited. Following the absorption of 
light, a fluorophore is excited to a higher electronic state, Si or S2, and through internal 
conversions relaxes to the lowest Si vibrational level. The molecule can then undergo 
non-radiative relaxation, phosphorescence, or fluorescence to return to the ground 
state (S0) (Figure 8). Due to loss of energy through vibrational transitions in the excited 
state, the emitted photon has lower energy than the absorbed photon and is thus, 
emitted at a higher wavelength. Fluorescence intensity can be decreased (quenched) by 
interaction with a second molecule to transfer energy during relaxation to the ground 
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state. The intrinsic fluorescence of proteins is due to aromatic residues. Metal cofactors 
in proteins quench intrinsic protein fluorescence by accepting electronic charge from 
the fluorophore, a phenomenon known as ligand-to-metal charge transfer (LMCT) 
(Ando, 2008). Fluorescence spectroscopy has been a method of choice for protein 
folding investigations; the emission of tyrosine and tryptophan residues is particularly 
sensitive to the local environment and changes during transition from the native to the 
unfolded state. 
Figure 8: Jablonski diagram. A 
photon absorbs energy and is 
excited to a higher energy state, 
S2. Through internal conversion 
(dark green arrow), the photon 
returns to the lowest Si state and 
relaxes to the ground state (S0) 
either through non-radiative 
relaxation, phosphorescence, or 
fluorescence. 
l . l l .c Stopped-flow kinetic measurements: Chemical reactions occurring at 
milliseconds time scale can be monitored by the stopped-flow apparatus. Stopped-flow 
methods involve rapid mixing of reagents by injecting the reactants simultaneously into 
a mixing chamber (Figure 9). The mixed reactants then move into the observation cell 
where the volume is limited by a "stop" syringe. The process is then followed in real 
time by CD, fluorescence, or absorbance. The reaction cannot be fully monitored as it 
takes time for the reaction mixture to flow from the mixing chamber to the observation 
cell. The time it takes the reaction mixture to flow from the mixing chamber to the 
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observation cell where measurements are recorded is called the "dead time" of the 
apparatus. 
light source 
Figure 9: Schematic representation of stopped-flow mixing device. Solutions in syringe A 
and B are pushed simultaneously, and mixed in the mixing chamber. The mixed reagents 
rapidly enter an observation cell where the volume is stopped by a stop syringe before 
the detector monitors the reaction. 
l.lO.d Gel filtration chromatography: Gel filtration chromatography is utilized for 
separating molecules suspended in an aqueous medium based on size through a porous 
inert matrix. Molecules larger than the pores of the matrix elute first from the column 
as diffusion into the pores is not feasible. However, diffusion of small molecules into the 
pores of the matrix retards their flow and results in delayed elution from the column. 
Thus, gel filtration chromatography is ideal for separating monomer/dimer protein 
complexes. 
We strategically utilized the aforementioned techniques to determine protein 
stability, copper-dissociation mechanism, and the role of point mutations on donor-
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target interactions of copper chaperones and selected Wilson metal-binding domains. 
Given the similar structural fold and metal-ligation environment of copper chaperones 
and the associated metal-binding domains of the Cu-ATPases, these proteins were 
grouped under one umbrella with minimal focus on their individual characteristics in 
terms of protein stability and copper dissociation mechanisms. By using a specific set of 
solvent conditions and purified protein variants in absence of any tags, we set out to 
probe the distinctive behavior of these proteins in terms of protein stability, Cu-
dissociation, and inter-protein interactions. 
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Chapter 2: 
Materials and Methods 
2.1 Chemical reagents 
Table 2: List of chemical reagents used with the name of the vendor specified. 
Category Chemical Name Vendor 
General chemicals 
5,5'-Dithiobis(2-nitrobenzoic acid) Sigma-Aldrich 
Copper(ll) chloride Sigma-Aldrich 
N-Acetyl-L-trytophanamide (NATA) Sigma-Aldrich 
Copper Chelators 
Bicinchoninic acid disodium salt hydrate (BCA) Sigma-Aldrich 
Bathocuproine-3,4'-disulfonic acid (BCS) Sigma-Aldrich 
2,2'-Biquinoline Fluka 
Enzyme Recombinant bovine enterokinase Novagen 
Immunoprecipitation 
Atoxl antibody (mouse monoclonal to Atoxl) Abeam 
Dynabeads® Protein A Invitrogen 
Chromatography resins 
Chitin beads New England Biolabs 
Glutathione sepharose 4B GE Healthcare 
2.2 Expression vectors and mutagenesis 
2.2.a Bacillus subtilis wild-type CopZ expression construct: A pALTER-Exl plasmid 
(Singer, 1994) encoding the wild-type copZ gene was obtained from the LeBrun Lab 
(University of East Anglia, UK). The copZ gene is cloned downstream of a tac promoter 
(Amann et al., 1983), and expression is induced by isopropyl-P-D-thiogalactoside (IPTG). 
Ampicillin resistance is conferred by the beta-lactamase (bla) gene in the plasmid. 
2.2.b Homo sapiens Atoxl expression vector: A pET-21b vector encoding the wild-type 
atoxl gene was obtained from the Rosenzweig Lab (Northwestern University). The 
atoxl gene is cloned downstream of a T7 RNA polymerase regulated promoter (Studier 
and Moffatt, 1986) with expression under IPTG control and ampicillin resistance 
conferred by the bla gene. 
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2.2.c Homo sapiens wild-type Wilson disease protein metal-binding domain 2 (W2) 
expression vector: A pTYB12 plasmid (Chong et al., 1997) encoding the w2 gene with an 
N-terminus chitin-binding domain intein tag was obtained from the Lutsenko Lab 
(Oregon Health & Science University). An alternate GST tag fusion construct of the w2 
gene with an enterokinase cleavage site encoded in a pET41/EK vector was obtained 
from the Huffman Lab (Western Michigan University). Expression of each of these fusion 
genes is under the control of a T7 promoter and is induced by IPTG. The pTYB12 and 
pET41/EK vectors contain the functional ampicillin and kanamycin resistance markers, 
respectively. 
2.2.d Homo sapiens wild-type Wilson disease protein metal-binding domain 4 (W4) 
expression vector: A pET24d vector encoding the w4 gene was obtained from the 
Huffman Lab. This vector has a kanamycin selectable marker and utilizes the T7 
promoter system that is IPTG-inducible. 
2.3 Site-directed mutagenesis 
The OuikChange site-directed mutagenesis kit (Stratagene) was used to generate 
all of the point-mutated variants of Atoxl and W4. For each mutagenesis reaction, wild-
type gene (either atoxl or w4) was used as the parental template, and two synthetic 
complementary primers containing the desired mutation with optimum GC content and 
Tm were ordered from Integrated DNA Technologies (Table 3). 
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Table 3: Forwarc and reverse primers for mutagenesis. 
Variant Forward Primer (5'->3') Reverse Primer (5'->3') 
Atoxl MetlOAIa 
CGAGTTCTCTGTGGACGCTACCTGTGGAGG 
CTGTGC 
GCACAGCCTCCACAGGTAGCGTCCACAG 
AGAACTCG 
Atoxl ThrllAla 
GAGTTCTCTGTGGACATGGCTTGTGGAGG 
CTGTGC 
GCACAGCCTCCACAAGCCATGTCCACAG 
AGAACTCG 
Atoxl Lys60Ala 
GCAACCCTGAAGAAAACAGGAGCTACTGT 
TTCCTACCTTGGC 
GCCAAGGTAGGAAACAGTAGCTCCTGTT 
TTCTTCAGGGTTGC 
Atoxl Lys60Tyr 
GCAACCCTGAAGAAAACAGGATACACTGTT 
TCCTACCTTGGC 
GCCAAGGTAGGAAACAGTGTATCCTGTT 
TTCTTCAGGGTTGC 
W4 Phe63Trp 
CTGCTATAGAAGACATGGGATGGGAGGCT 
TCAGTCGTTTC 
GAAACGACTGAAGCCTCCCATCCCATGT 
CTTCTATAGCAG 
Following DNA denaturation, the primers anneal to the parental template during 
the polymerase chain reaction (PCR) and are extended in opposite directions by DNA 
polymerase with incorporation of the mutation into each nascent strand. Following 
amplification, Dpnl restriction endonuclease was used to digest methylated parental 
DNA (McClelland and Nelson, 1992). A Zymogen DNA purification kit was used to purify 
the mutant DNA prior to transformation into DH5a (Novagen) competent cells. Cells 
were grown on LB/agar plates supplemented with ampicillin (atoxl) or kanamycin (w4) 
overnight, as appropriate, and DNA was isolated from 5 random colonies. Each mutation 
was confirmed by primer extension sequencing analysis (Lone Star Labs). 
2.4 Protein expression and purification 
An Amersham Pharmacia Biotech AKTA Design FPLC system was utilized for all 
column chromatography techniques described herein unless stated otherwise. All ion 
exchange resins were purchased from GE Health Sciences (GE) and packed into columns 
at a rate of 2 ml/min under 0.25 MPa pressure limit. Glutathione Sepharose resin 
purchased from GE was packed in a column at a rate of 1 ml/min under 0.2 MPa 
pressure limit. Pre-packed gel filtration columns were purchased from GE. 
2.4.a Bacillus subtilis wild-type CopZ 
Expression: Protein expression was conducted based on modifications to the previously 
established protocol (Kihlken et al., 2002). The copZ gene was expressed in E. coli JM109 
cells (Promega). Bacteria were grown in Luria-Bertani (LB) medium in presence of 100 
Hg/ml ampicillin at 37 °C. Protein expression was induced by 1 mM IPTG at an 
absorbance of ~0.6 at 600 nm, and cells were harvested via centrifugation 6 hours 
following induction. Cell pellets were resuspended in lysis buffer (20 mM 2-(N-
morpholino)ethanesulfonic acid (MES), pH 6.0, 10 mM dithiolthreitol (DTT), 2 mM 
bathocuproine disulfonate (BCS), 200 mM MnCI2, and 1 mM phenylmethylsulphonyl 
fluoride (PMSF)) prior to freezing (-80 °C). 
Purification: A new (utilizing manganese chloride) protein purification protocol was 
established, as the previously published protocol (Kihlken et al., 2002) resulted in 
nucleotide contamination of the purified protein (Figure 10). The frozen bacterial cell 
pellet was thawed at room temperature prior to sonication in an ice bath. Lysed cells 
were incubated with DNase (final concentration 15 |ig/ml) and RNase (final 
concentration 10 ng/ml) for 6 hours at 4 °C for digestion of genomic DNA and RNA, 
respectively. The cell lysate was centrifuged, and the CopZ-containing supernatant was 
diluted two-fold with 20 mM MES, pH 6.0, 5 mM DTT, 50 mM MnCI2, and 2 mM BCS 
buffer (henceforth referred to as Buffer A) prior to loading on a pre-equilibrated (with 
Buffer A) diethyl-amino-ethyl (DEAE) anion exchange column. CopZ was eluted with a 
salt gradient over 3 column volumes (Buffer A plus 500 mM NaCI). SDS/PAGE analysis 
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was performed on elution fractions, and CopZ-containing fractions were concentrated in 
a Centriprep centrifugal filter device (Amicon). 
Figure 10: Absorbance spectra of 
purified wtCopZ. Purified CopZ 
contaminated by nucleotides (green) 
with Xmax 260 nm versus that obtained 
by treatment of cell lysate with 
manganese chloride (red) with \max 280 
nm. 
^40 260 280 300 320 340 
Wavelength (nm) 
The protein was further purified by gel filtration chromatography with a 
Superdex 75 (S75) column pre-equilibrated with 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, 
and 1 mM DTT buffer (henceforth referred to as Buffer B). The CopZ-containing fractions 
were concentrated and incubated with 3 mM ethylenediaminetetraacetic acid (EDTA) to 
remove non-specifically bound MnCI2 evident by absorbance peaks around 400 nm 
(Figure 11). The protein was then dialyzed against Buffer B. Absorbance spectrum of 
purified protein was measured to ensure \max was at 280 nm and not at 260 nm 
(nucleotide contamination) (Figure 11) and purity was assessed as > 95% based on single 
bands on SDS/PAGE (Figure 11 inset). 
Thiol quantification of the purified protein was conducted by Ellman's assay 
which is based on formation of disulfide bond between Ellman's reagent [5,5'-dithio-jfc>/'s-
(2-nitrobenzoic acid), DTNB] and thiols in solution with the release of yellow-colored 
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TNB (2-nitro-5-thiobenzoic acid) (Ellman, 1959). The stoichiometric formation of TNB 
(£412 nm = 14,150 M^cm"1) can be measured at 412 nm (Riddles et al., 1983). Based on 
Ellman's assay conducted on protein dialyzed against Buffer B without DTT, 2 free thiols 
were detected, ensuring protein was purified in the apo form. 
Figure 11: Absorbance spectra and SDS/PAGE gel of purified wtCopZ. Absorbance 
spectra of purified CopZ with non-specifically bound manganese (green) and purified 
CopZ post EDTA treatment (red). Inset: SDS/PAGE gel of purified CopZ. 
2.4.b Homo sapiens wild-type and mutant Atoxl 
Expression: Protein expression followed a previously established protocol with some 
modifications (Wernimont et al., 2004). The atoxl gene was expressed in E. coli 
BL21(DE3) cells (Novagen). Cells were grown in LB supplemented with 100 pg/ml 
ampicillin at 37 °C. Protein expression was induced by 1 mM IPTG at an absorbance of 
~0.6 at 600 nm, and cells were harvested via centrifugation 4 hours post-induction. Cells 
expressing wild-type, MetlOAIa, or ThrllAla Atoxl variants were resuspended in 20 mM 
MES, pH 5.5, 1 mM EDTA, 2 mM DTT, 2 mM BCS, and 1 mM PMSF prior to freezing 
(-80 °C). Cells expressing Lys60Ala and Lys60Tyr were resuspended in 20 mM Tris-HCI, 
0 
240 320 400 480 560 640 720 800 
Wavelength (nm) 
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pH 7.5, 1 mM EDTA, 2 mM DTT, 2 mM BCS, and 1 mM PMSF buffer prior to freezing 
(-80 °C). 
Purification: A single cycle of freeze-thaw extraction released Atoxl into solution 
(Johnson and Hecht, 1994). Lysed cells were incubated with DNase (final concentration 
10 |ig/ml) for 2 hours at 4 °C for digestion of genomic DNA. The cell lysate was 
centrifuged, and polyethylenimine (PEI) was added to the Atoxl-containing supernatant 
prior to a second round of centrifugation. Supernatant was then diluted two-fold with 
20 mM MES, pH 5.5, 1 mM EDTA, and 1 mM DTT buffer (henceforth referred to as 
Buffer C) prior to loading on a pre-equilibrated (with Buffer C) cation-exchange 
sulphopropyl sepharose (SP) column for wild-type, MetlOAIa, and ThrllAla Atoxl 
variants. Lys60Ala and Lys60Tyr Atoxl-containing supernatant was diluted two-fold with 
20 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 1 mM DTT (henceforth referred to as Buffer D) 
prior to loading on a pre-equilibrated (with Buffer D) anion exchange Q sepharose 
column. All Atoxl variants were eluted with a salt gradient (Buffer C or D plus 500 mM 
NaCI) over 3 column volumes. SDS/PAGE analysis was performed on elution fractions, 
and Atoxl-containing fractions were concentrated to 3 ml in an Amicon 
ultracentrifugation device prior to loading onto a Superdex 30 (S30) gel filtration column 
pre-equilibrated with 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 1 mM DTT. Based on 
SDS/PAGE, fractions containing Atoxl were pooled together and concentrated in 
Centriprep centrifugal filter device prior to flash freezing in liquid nitrogen for storage at 
-80 °C. 
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2.4.c Homo sapiens wild-type Wilson disease protein metal-binding domain 2 (W2) 
1. Expression of W2-intein tag fusion construct (W2-lnt): The W2-lnt construct was 
expressed in E. coli Rosetta 2(DE3) cells in LB medium. An expression assay was 
conducted to determine the optimum conditions (temperature, concentration of IPTG 
for induction, and hours of growth post-induction) for cell growth to prevent protein 
from becoming insoluble. Cells were initially grown at 37 °C; the temperature was 
lowered to 20 °C when protein expression was induced with 0.5 mM IPTG and 5 mM 
ascorbate at an absorbance of ~0.6 at 600 nm. Cells were harvested 16 hours following 
induction by centrifugation at 4,500 rpm at 4 °C. Cell pellets were resuspended in 20 
mM Tris-HCI, pH 8.0,150 mM NaCI, 20 mM ascorbate, 1 mM EDTA, and 2 mM PMSF. 
Purification, W2-lnt: Resuspended cell pellets were frozen in liquid nitrogen for 15 
minutes then thawed at room temperature for 1 hour; this cycle was repeated twice. 
Cell lysate was then incubated with 20 pg/ml DNAse, 15 pg/ml RNase and 1 mM MgCI2 
for 2 hours while stirring on ice. The suspension was centrifuged for 20 mins at 15,000 
rpm at 4 °C. Initial purification attempts resulted in nucleotide contamination of the 
protein. However, incubation of lysate suspension with PEI while maintaining the pH at 
8.0 resulted in precipitation of nucleotides and not protein. The cell lysate was then 
loaded onto a 15 ml chitin resin gravity column pre-equilibrated with 20 mM Tris-HCI, 
pH 8.0, 150 mM NaCI, and 20 mM ascorbate (henceforth referred to as Buffer E). 
Fractions were collected manually, and SDS/PAGE analysis was used to assess whether 
flow-through fractions contained W2-lnt. The column was then incubated with Buffer E 
plus 50 mM DTT to initiate on-column cleavage of the intein tag from W2. The column 
was stored at 4 °C, and fresh DTT was added every 6 hours; after 40 hours, the cleavage 
reaction was stopped with 500 mM NaCI, and protein was eluted with Buffer E minus 
ascorbate. Fractions containing W2 based on SDS/PAGE were pooled together and 
concentrated to 3 ml in an Amicon ultracentrifugation filter device. An additional step of 
gel filtration chromatography (S75 pre-equilibrated with 20 mM Tris-HCI, pH 7.5, 150 
mM NaCI, and 1 mM DTT) was conducted to ensure purified protein was free of cleaved 
intein tags and uncleaved fusion protein. Fractions containing W2 were concentrated 
and flash frozen in liquid nitrogen prior to storage at -80 °C. Purity was confirmed by a 
single band on SDS/PAGE and by a UV-VIS spectrum showing Xmax at 280 nm, indicative 
of protein free of nucleotide contaminants. 
Initial characterization of W2 revealed less secondary structure than predicted based 
on far-UV CD analysis, and thermal-denaturation profiles were protein-batch 
dependent. MALDI/TOF analysis (UTMB Mass Spectrometry Core, Galveston) revealed a 
heterogeneous mixture of non-specifically cleaved and full-length W2, which may 
account for the spectroscopic results (Figure 12). Thus, an alternate W2 fusion construct 
was expressed and purified. 
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2. Expression of W2-GST tag fusion construct (W2-GST): The protein encoded by the 
W2-GST construct was expressed in E. coli Rosetta 2(DE3) cells in LB medium. Cells were 
initially grown at 37 °C; the temperature was lowered to 20 °C when protein expression 
was induced with 1 mM IPTG and 5 mM DTT at an absorbance of ~0.6 at 600 nm. Cells 
were harvested 6 hours following induction by centrifugation at 4,500 rpm at 4 °C. Cell 
pellets were resuspended in IX PBS (137 mM NaCI, 2.7 mM KCI, 10 mM Na2HP04, 2 mM 
KH2P04, pH 7.4) prior to storage at -80 °C. 
Purification, W2-GST: Three cycles of freeze-thaw extraction released W2-GST into 
solution. Lysed cells were incubated with DNase (final concentration 10 ng/ml) for 2 
hours at 4 °C for digestion of genomic DNA. The cell lysate was centrifuged, and PEI was 
added to the W2-GST-containing supernatant prior to a second round of centrifugation. 
The supernatant was loaded on a glutathione sepharose column pre-equilibrated with 
IX PBS supplemented with 1 mM DTT. Flow-through fractions collected showed minor 
traces of W2-GST based on SDS/PAGE. W2-GST was then eluted with 50 mM Tris-HCI, pH 
8.0, and 10 mM glutathione. Fractions containing W2-GST based on SDS/PAGE were 
pooled together and concentrated in a Centriprep centrifugal filter device. The 
concentrated fractions were dialyzed in 20 mM Tris-HCI, pH 7.5, 50 mM NaCI, 2 mM 
CaCI2, and 2 mM DTT buffer; three buffer exchanges every 3 hours were sufficient to 
remove glutathione which inhibits enterokinase. The absorbance spectrum of the 
concentrated fractions was measured to determine the concentration of the fusion 
protein; an A280 nm of 1 unit corresponds to 0.5 mg/ml of GST fusion protein (Sambrook 
and Russell, 2001). Fractions were concentrated to 5 mg/ml before incubation with 700 
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units of enterokinase at 4 °C for 24 hours (fresh 2 mM DTT was added every 6 hours). 
The cleavage reaction was stopped with 250 mM NaCI, and the sample was loaded on 
an S30 gel filtration column pre-equilibrated with 20 mM Tris-HCI, pH 7.5,150 mM NaCI, 
and 1 mM DTT. Based on SDS/PAGE, fractions containing W2 without the GST tag were 
pooled together and concentrated before flash freezing in liquid nitrogen for storage at 
-80 °C. MALDI/TOF analysis (UTMB Mass Spectrometry Core, Galveston) revealed a 
mostly homogenous sample of W2 with a molecular weight of 8.4 kDa with extremely 
minor intensity peaks of low molecular weight species (Figure 13). 
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Figure 13: Mass spectrometry chromatogram of W2-GST. Mass spectrometry 
chromatogram of W2 following cleavage of GST and purification shows mainly 
homogeneous species of 8.4 kDa. 
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2.4.d Homo sapiens wild-type (wtW4) and Phe63Trp (W4Trp) Wilson Disease Protein 
metal-binding domain 4 
Expression: Both wtW4 and W4Trp were expressed in E. coli Rosetta 2(DE3) cells in LB 
medium. Cells were grown at 37 °C, and protein expression was induced with 1 mM 
IPTG and 1 mM DTT at an absorbance of ~0.6 at 600 nm. Cells were harvested 4 hours 
following induction by centrifugation at 4500 rpm at 4 °C. Cell pellets were resuspended 
in 20 mM MES, pH 6.0, 1 mM EDTA, 2 mM DTT, 2 mM BCS, and 1 mM PMSF buffer prior 
to freezing (-80 °C). 
Purification: A single cycle of freeze-thaw extraction released W4 into solution. Lysed 
cells were incubated with DNase (final concentration 10 ng/ml) for 2 hours at 4 °C for 
digestion of genomic DNA. The cell lysate was centrifuged, and PEI was added to the 
W4-containing supernatant prior to a second round of centrifugation. Supernatant was 
then diluted two-fold with 20 mM MES, pH 6.0, 1 mM EDTA, and 1 mM DTT buffer 
(henceforth referred to as Buffer F) prior to loading on a pre-equilibrated (with Buffer F) 
anion-exchange Q column. Proteins were eluted with a salt gradient (Buffer F plus 500 
mM NaCI) over 4 column volumes. SDS/PAGE analysis was performed on elution 
fractions, and W4-containing fractions were concentrated to 3 ml in an Amicon 
ultracentrifugation device prior to loading on an S30 gel filtration column pre-
equilibrated with 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 1 mM DTT. Based on 
SDS/PAGE, fractions containing W4 were pooled together and concentrated in 
Centriprep centrifugal filter device prior to flash freezing in liquid nitrogen for storage at 
-80 °C. 
2.5 Spectroscopy conditions 
All experiments were performed with buffers and protein samples purged with 
nitrogen for 20 minutes prior to measurements to create semi-anaerobic conditions. 
2.5.a Ultraviolet and visible absorption spectroscopy: All equilibrium UV-VIS 
measurements were recorded on Varian Cary 50 UV-VIS spectrophotometer equipped 
with a xenon lamp. 
2.5.b Circular dichroism measurements: All circular dichroism measurements were 
recorded on a Jasco J-810 spectropolarimeter in conjunction with a temperature-control 
device. 
1. Secondary-structure content analysis: Integrity of secondary-structure content of all 
proteins was measured by far-UV CD using apo-protein samples dialyzed in 5 mM 
potassium phosphate, pH 7.5. The CD spectra were analyzed for secondary structure 
content by the program DICHROWEB (Lobley et al., 2002). 
2. Equilibrium copper titrations and hetero-protein mixture experiments: Near-UV CD 
spectra were collected from 250-350 nm with a data pitch of 0.1 nm, integration time of 
4 seconds, and a bandwidth of 2 nm. Each spectrum was measured thrice and averaged 
based on significant overlap. Measurements were performed in a 10 mm quartz cuvette 
with the cell temperature set at 20 °C. A concentration of 50 |iM protein in buffer 
containing 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 250 nM DTT was used in all 
titration experiments. Small aliquots 11 |il) of 5 mM CuCI2 were added to the protein 
solution to avoid dilution of protein. Protein samples were incubated with copper for 10 
minutes prior to measurements. Spectra collected with 10 min incubation and 60 min 
4 1 
incubation overlapped completely. Near-UV CD spectra of hetero-protein mixtures were 
recorded with the same parameters. Equimolar concentrations of holo- and apo-
proteins were mixed in a 1:1 ratio in a 10 mm cuvette and incubated for 15 minutes 
prior to measurements. No change in spectra was detected between 15 and 60 minutes 
of incubation. 
3. Equilibrium denaturant-induced unfolding: Far-UV CD spectra were recorded from 
200-260 nm with a data pitch of 0.2 nm, integration time of 4 seconds, and a bandwidth 
of 2 nm. Each spectrum was measured thrice and averaged after ensuring significant 
overlap. Fresh 10 M urea stocks (in water) were prepared, and urea concentration was 
determined by refractive index measurements. Denaturant concentration was increased 
in 0.2 M increments, and ellipticity at 220 nm was used for analysis of protein unfolding. 
Final protein concentration post-mixing with urea was 20 pM in buffer containing 20 
mM Tris-HCI, pH 7.5, 150 mM NaCI, and 100 pM DTT. Initially, protein samples were 
incubated with the denaturant for two hours to ensure complete unfolding; however, 
such long incubation of the copper-bound protein forms resulted in oxidation problems 
leading to protein aggregation. Therefore, kinetic traces were collected on the stopped 
flow to obtain an estimate of unfolding and refolding timescales, which ranged from 2 
to 3 seconds (Figure 14). Thus, the experiments were repeated with 30 minute 
incubation time for protein samples in denaturant. The measurements were performed 
in a 1 mm quartz cuvette with the cell temperature set at 20 °C. 
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Figure 14: Kinetic trace for wtAtoxl 
unfolding. Holo-wtAtoxl was mixed with 
urea (concentrations post mixing were 20 
|iM protein and 7 M urea) in the stopped-
flow mixer, and fluorescence at 304 nm 
was followed over time. Unfolding is 
complete within 2 seconds. Buffer was 20 
mM Tris-HCI, pH 7.5, 150 mM NaCI, and 
100 \iM DTT at 20 °C. 
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4. Equilibrium thermal unfolding: Thermal unfolding data were acquired by monitoring 
the change in ellipticity at 220 nm as a function of temperature at a scan rate of 1 
deg/min. The thermal scan rates were varied between 0.5 and 1 deg/min without any 
significant change in the thermal profiles; this consistency indicates that the thermal 
reactions were at thermodynamic equilibrium (Figure 15). Refolding upon lowering the 
temperature was also monitored to assess reversibility based on gain of ellipticity at 220 
nm. All samples had 20 |iM protein in buffer containing 20 mM Tris-HCI, pH 7.5,150 mM 
NaCI, and 100 nM DTT. Far-UV CD spectra pre- and post-thermal denaturation were 
recorded to assess formation of non-native secondary structure upon refolding. 
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E -6103 Figure 15: Thermal unfolding curves 
for apo-wtAtoxl as a function of 
scan rate (CD). Unfolding curves at 
scan rate of 0.5 (red) and 1.0 °C/min 
(green) significantly overlap, 
indicating thermal reactions are at 
thermodynamic equilibrium at 
these scan rates. Conditions were 
20 pM protein in buffer containing 
20 mM Tris-HCI, pH 7.5, 150 mM 
NaCI, and 100 pM DTT. 
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2.5.c Equilibrium fluorescence measurements 
Fluorescence measurements were conducted on a Cary Eclipse 
spectrofluorophotometer. 
1. Equilibrium copper titrations and hetero-protein mixture experiments: Fluorescence 
emission spectra were collected from 290-400 nm (CopZ, Atoxl variants, wtW2, and 
wtW4; excitation at 280 nm) or 305-450 nm (W4Trp; excitation at 295 nm) with a data 
pitch of 0.2 nm, and a slit width of 5 nm. Each spectrum was measured thrice and 
averaged based on significant overlap. Measurements were performed in a 10 mm 
quartz cuvette with the cell temperature set at 20 °C. A protein concentration of 50 pM 
in 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, 250 pM DTT buffer was used in all titration 
experiments. Small aliquots (~11 pi) of 5 mM CuCh were added to the protein solution 
to avoid dilution of protein. Protein samples were incubated with copper for 10 min 
prior to measurements. Spectra collected with 10 min versus 60 min incubation 
overlapped completely. Fluorescence spectra of hetero-protein mixtures were recorded 
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with the same parameters. Equimolar concentrations of holo- and apo-proteins were 
mixed in a 1:1 ratio in a 10 mm cuvette and incubated for 15 minutes prior to 
measurements. No change in spectra was detected between 15 and 60 minutes of 
incubation. 
2. Equilibrium denaturant-induced unfolding: All measurements were conducted in a 
10 mm pathlength cuvette using an aliquot of sample from the common stock prepared 
for CD analysis (see above). CopZ, Atoxl variants, and wtW4 were excited at 280 nm and 
emission spectra collected from 290-400 nm, whereas W4Trp was excited at 295 nm 
and emission spectra collected from 305-450 nm. The excitation and emission slit widths 
were set to 5 nm. Each spectrum was averaged over three subsequent measurements. A 
circulating water bath connected to the cell chamber was used to maintain the cell 
temperature at 20 °C. For CopZ, Atoxl variants, and wtW4, emission at 305 nm was 
used to monitor protein unfolding; for W4Trp, emission at 335 nm was used for 
unfolding analysis. All samples had 20 |iM protein in buffer containing 20 mM Tris-HCI, 
pH 7.5,150 mM NaCI, and 100 piM DTT. 
3. Equilibrium thermal unfolding: Thermal unfolding data were acquired by monitoring 
the change in emission at 305 or 335 nm (CopZ/Atoxl/wtW2/wtW4 and W4Trp, 
respectively) as a function of temperature at a scan rate of 1 deg/min. The thermal scan 
rates were varied between 0.5 and 1 deg/min without any significant change in the 
thermal profiles; this consistency indicates that the thermal reactions were at 
thermodynamic equilibrium (Figure 16). All samples had 20 |aM protein in buffer 
containing 20 mM Tris-HCI, pH 7.5,150 mM NaCI, and 100 \iM DTT. 
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apo-wtAtoxl as a function of scan rate ^ 
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2.6 Stopped-flow mixing experiments 
Time-resolved measurements were conducted on an Applied Photophysics Pi-Star 180 
stopped-flow mixing device in absorption and fluorescence modes. 
2.6.a Chelator-mediated Cu dissociation from proteins: A Cu+ specific chelator, 
bicinchoninic acid (BCA), that forms a unique 2:1 colored complex with Cu+ with an e at 
5 6 5 nm of 7 , 7 00 M ^ cm 1 (Brenner and Harris, 1 9 95 ) and an association constant of logK 
~14 (Brenner and Harris, 1995) was used to measure chelator-induced Cu dissociation 
from proteins at 20 °C. Cu-bound proteins were mixed with increasing concentrations of 
BCA in a stopped flow mixer, and change in absorption at 565 nm, indicative of Cu-BCA2 
complex formation, was monitored over time. Buffer conditions were 20 mM Tris-HCI, 
pH 7.5, 1 5 0 mM NaCI with DTT concentration ranging from 8 0 - 5 0 0 N M . Final 
concentrations were either 3.3 nM Cu and 3.6 ^M apo-protein or 8.3 |iM Cu and 9 |iM 
apo-protein. Control experiments were performed with wild-type Atoxl in which Cu 
concentration was kept constant (3.3 pM), but apo-protein concentration was increased 
to 9 and 15 pM. 
2.6.b Cu transfer between Atoxl and W4Trp: Equimolar concentrations (100 pM) of Cu-
Atoxl and apo-W4Trp were mixed, and change in fluorescence was monitored overtime 
using either a 330 nm cut-off filter or single wavelength, 335 nm. Reverse transfer 
experiments were also done where Cu-W4Trp was mixed with apo-Atoxl in 1:1 and 1:5 
ratios. 
2.7 Isolation ofAtoxl-W4 hetero-complex 
2.7.a Gel filtration chromatography: Superdex® peptide PE 7.5/300 from Pharmacia 
Biotech was used for isolation of Cu-bridged hetero-protein complex. This peptide-
separation column (13 ml column volume) was initially equilibrated with 25 ml of 20 
mM Tris-HCI, pH 7.5, 150 mM NaCI, and 500 pM DTT (henceforth referred to as Buffer 
G) at a flow rate of 0.22 ml/min. Following equilibration, individual holo-protein or holo-
and apo-protein mixture (100 pi of 250 pM) was loaded through a 100 pi sample loop 
and eluted with a 0 to 100% reduced DTT gradient over 10 ml (Buffer G without DTT). 
Gradient of reducing DTT concentration was used to minimize loss of Cu from protein to 
DTT due to protein dilution on the column. Peak fractions were collected and analyzed 
by SDS/PAGE stained with either Coomassie blue or silver nitrate. Relative protein 
concentration in fractions was estimated based on absorbance at 280 nm. Fractions 
with protein were sent to Columbia Analytical Services (CAS) for Cu quantification by 
inductively coupled plasma mass spectroscopy (ICP-MS). 
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2.7.b Immunoprecipitation with Dynabeads®: Dynabeads® (Db) are magnetic beads 
conjugated to recombinant Protein A for isolation of immunoglobulins. Db (100 pi) were 
suspended in 500 pi of buffer containing 20 mM Tris-HCI, pH7.5, 150 mM NaCI, and 150 
pM DTT (henceforth referred to as Buffer H) in an Eppendorf tube. The tube was then 
placed on a DynaMag-Spin magnet for 1 minute, and the supernatant was removed. 
This washing procedure was repeated thrice. Next, 20 pi of 0.5 pg/pl Atoxl antibody 
(Ab) diluted 5-fold in Buffer H was added to the washed Db and placed on a tilted shaker 
for 10 min at room temperature (Step 1) (Figure 17). The tube was then placed on the 
magnet and supernatant was removed. The supernatant was later analyzed by 
SDS/PAGE to ensure the Ab was captured by the Db. 
Symbol legend 
^ ^ Magnetic bead 
Dynabead 
^ ^ ^ Atoxl antibody £ apo-wtW4 
# Protein A ^ holo-wtAtoxl £ holo-wtW4 
Step 1 
+ wash 
Minor trace of antibody in 
•> supernatant based on SDS/PAGE 
Step2A 
+ < wash 
k\.No Cu in supernatant 
+ C S tep2A3» Boil beads 
= 18 iiM Cu in 
supernatant 
Step2B Supernatant 
+ €< 
Step 2B2 
Boil beads 
Figure 17: Outline of immunoprecipitation experiment. 
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The Db-Ab complex was washed twice with Buffer H before resuspension in 100 |il of 
Buffer H. The Db-Ab complex was then utilized for 2 separate experiments: 
Step 2A (Figures 17 and 18). Tube A: Db-Ab complex (50 |al) was incubated with an equal 
volume of 50 |iM holo-wtAtoxl for 20 min on a tilted shaker at room temperature. Tube 
A was washed twice with Buffer H, and the supernatant was removed for Cu 
quantification with BCS (Step 2A1). Then 50 nl of 50 |iM apo-wtW4 was added to Tube 
A, and the tube was placed on a tilted shaker for 20 min at room temperature. Tube A 
was then placed on the magnet, and the supernatant was removed for analysis by 
SDS/PAGE and Cu quantification with BCS (Step 2A2). The left-over beads were boiled 
and analyzed by SDS/PAGE (Step 2A3). 
Step 2B (Figures 17 and 18). Tube B: Db-Ab complex (50 |il) was incubated with an equal 
volume of pre-mixed 50 ^M holo-wtAtoxl and 50 |iM apo-wtW4 sample for 20 min on a 
tilted shaker at room temperature. Tube B was then placed on a magnet, and the 
supernatant was removed and analyzed by SDS/PAGE (Step 2B1). The left-over beads 
were boiled and analyzed by SDS/PAGE (Step 2B2). 
Boiled Beads 
Boiled Beads (Step2A3) Marker 
(Step2B2)| 
£ ^ 
* CD 
08 RSI 
FH Q. 
* X (P 
fM 
S < 
X W I Q . 
- 2 S -2 § 
< — o tn 
Figure 18: Samples from immunoprecipitation experiments analyzed by SDS/PAGE. 
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The results of the immunoprecipitation experiments are summarized in Table 4. 
Firstly, holo-wtAtoxl can bind to the Db-Ab complex and retain Cu, since Cu was not 
detected when the supernatant was incubated with BCS (Step 2A1, Figures 17 and 19). 
However, Cu was transferred to apo-wtW4 from holo-wtAtoxl bound to the Db-Ab 
complex based on Cu quantification in Step 2A2 (Figures 17 and 19). Furthermore, when 
holo-wtAtoxl was pre-incubated with apo-wtW4, Atoxl antibody could not bind to 
wtAtoxI (step 2B1); in Tube B, both Atoxl and W4 remained in the supernatant. We 
conclude that Atoxl forms a complex with W4. When in a complex with W4, Atoxl 
interaction with Atoxl antibody is abolished, possibly because W4 shields the 
interaction interface of Atoxl-Atoxl antibody. 
Table 4: Results from immunoprecipitation experiments. 
Bait Prey Supernatant Cu (pM) 
Db-Ab-holowtAtoxl apo-wtW4 holo-wtW4 
Step 2A1 = 0 
Step 2A2 = 18 
Db-Ab holo-wtAtoxl + apo-wtW4 wtAtoxI and wtW4 Not determined 
Wavelength (nm) 
Figure 19: Copper quantification. 
Cu quantification in supernatant 
removed at step 2A1 (red curve) 
and step 2A2 (blue curve) with 
BCS ( 6 4 8 0 nm = 13,500 M^cm"1). 
The supernatant was diluted 
two-fold with 5 mM BCS stock; 
thus, total Cu concentration in 
the supernatant is twice the 
value listed here. 
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Further immunoprecipitation experiments to test interaction of Atoxl variants 
with W4 were not pursued, as gel filtration chromatography in conjunction with ICP-MS 
and near-UV CD analysis gave results devoid of any artifacts caused by the presence of 
other proteins (Protein A and Atoxl antibody). 
2.8 Analysis 
2.8.a Equilibrium unfolding 
1. Equilibrium chemical unfolding experiments: The degree of protein unfolding was 
probed by the change in ellipticity at 220 nm and fluorescence intensity at 304 nm as a 
function of denaturant concentration (Figure 20). 
Figure 20: Urea-induced unfolding 
curve before normalization. Raw 
data obtained from urea-induced 
unfolding of apo-wtAtoxl 
monitored by change in ellipticity 
at 220 nm. YF and Yy are values of 
the observed signal of the protein 
when folded and unfolded, 
respectively. 
The data were then normalized from 1 (folded) to 0 (unfolded) based on 
YOBS YJJ 
fraction folded = — — 
where Yobs is the observed signal at 220 nm or 304 nm at a particular denaturant 
concentration, Yu and YF are the values of the observed signal of the protein at the 
unfolded and folded intercepts, respectively (Figures 20 and 21). 
® -2 10 
4 6 
[Urea] (M) 
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Figure 21: Normalized urea-induced 
unfolding curve. Normalized curve 
calculated from raw urea-induced 
unfolding data of apo-wtAtoxl shown in 
Figure 20. 
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Since the data were in accord with a two-state reaction, the equilibrium constant of 
unfolding (Ky) was defined as 
K u = 
fraction unfolded 
u fraction folded 
The equilibrium constant, Ku, and free energy of unfolding, can be calculated using 
AG = —RTlnKy 
and the free energy change can be further expressed as (Greene and Pace, 1974) 
AG = A GHz0 — m[Denaturant] 
where AGM z 0 is the conformational stability of the protein in absence of denaturant, 
and m is the slope of the transition region. Based on the extrapolation method (Pace 
and Shaw, 2000), the experimental unfolding curve was fitted (in Kaleidagraph) to the 
following two-state expression 
- ( A GH20-m[D]) 
Y = 
YF + Yye RT 
-(AGH2o-M[DlT" 
1 + e RT 
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where Yu and YF are the values of the unfolded and folded intercepts, respectively. The 
denaturant concentration is denoted as [D] in the above equation. From the fit, 
AGH2q and the m value (slope of transition region), which reports on the dependence of 
free energy of unfolding on denaturant concentration, were determined (Pace and 
Shaw, 2000; Tanford, 1970). The m value is also a measure of the relative amount of 
hydrophobic surface-area exposed to solvent upon unfolding (Pace and Shaw, 2000). 
The ratio of AGH2q to m was calculated to yield denaturant concentration at midpoint of 
transition (i.e., [Urea]i/2) (Pace and Shaw, 2000). 
2. Equilibrium thermal unfolding experiments: Thermal stability of the proteins was 
determined in heating experiments, in which the progress of the reactions was 
monitored by change in ellipticity at 220 nm and fluorescence intensity at 303 nm 
(Figure 22). 
Figure 22: Thermal unfolding curve 
before normalization. Raw data 
obtained from thermal unfolding of 
apo-wtAtoxl monitored by change 
in ellipticity at 220 nm. YF and Yu are 
values of the observed signal of the 
protein when relatively folded and 
unfolded, respectively. 
The data were then normalized from 1 (relatively folded) to 0 (relatively unfolded) 
based on 
, . . . , Yobs ~ Yu relative signal = — — 
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where Y0bS is the observed signal at 220 nm or 304 nm at a particular temperature, Yy 
and Yf are the values of the observed signal of the protein at the unfolded and folded 
intercepts, respectively (Figures 22 and 23). The experimental unfolding curve was fitted 
to the following two-state expression (Campos and Sancho, 2006) 
1 + e(AH(i-r/rm)) 
where Yf and YU are the intercepts of the pre- and post-transition baselines, 
respectively; furthermore, m f and m\j are the slopes of the pre- and post-transition 
baselines, respectively (Figure 23). Thermodynamic parameters, such as enthalpy of 
unfolding (AH), can be estimated from these unfolding curves; however, due to 
irreversibility of the transition, only relative midpoints of thermal denaturation are 
compared to assess resistance to thermal denaturation. The Tm value (midpoint of 
thermal transition) is the temperature at which 50% of the molecules are folded. 
Y = 
Yf + mFT + (Yv + muT)e(AH(1~T/Tm^ 
Figure 23: Normalized thermal unfolding 
curve. Normalized curve calculated from 
raw thermal unfolding data of apo-
wtAtoxl shown in Figure 22. 
20 30 40 50 60 70 80 90 
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2.8.b Chelator-mediated copper dissociation from Atoxl: All analytical expressions 
were derived by Dr. J.S. Olson; possible reaction schemes were proposed by F. Hussain 
and Dr. P. Wittung-Stafshede. 
1. Analytical expressions for the 3-step mechanism of Cu transfer 
L P 
k l . I k 2 , k3 / 
PX + L - PX L - P + X L + L - L X L 
k-1 k-2 k-3 
P = Protein L = BCA X = Cu+ 
An expression for the equilibrium change in amplitude was derived as function of [BCA 
or L], [Atoxlap0 or P], and K1-K3. The fraction of Cu in the LXL complex, YLXL, is taken as 
the ratio of LXL and concentration of Cu in all species in the mixture, Eq. 2.8.b.l: 
= 
LXL [PX] + [PXL] + [XL] + [LXL] 
To fit the experimental amplitude data at different [BCA], Y^l was multiplied by the 
maximum change in absorbance experimentally detected, AAmax/ to obtain the fitted AA 
vs [BCA]free. The equilibrium constants of steps 1, 2, and 3 give relative concentration of 
Cu bound species: 
[PXL] [LX][P] ^ [LXL] 
1 [PX][L] 2 [PXL] 3 [LX][L] 
The above expressions were used to define relative probabilities of all Cu-bound 
species, PX, PXL, XL, and LXL in Eq. 2.8.b.l in terms of [P], [L], and the three equilibrium 
constants: 
„ 
1 X 1 ~ [P] + K±[L][P] + KxK2[L\ + K^K^L]2 
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The theoretical absorbance changes were calculated by multiplying AAmax with Yua- The 
theoretical fits to the experimental results were obtained by optimizing the equilibrium 
constants, K values, to minimize the sum of the squared differences between 
experimental and computed absorbance differences with the Solver function in 
Microsoft Excel 2007. 
To obtain the first order rate constant for displacement of Cu from protein as a 
function of [BCA], we defined the rate equation for the formation of the colored LXL 
product, with steady-state assumption for the PXL and XL intermediates. The rate of 
decay of the initial species, PX, and the formation of the final product, LXL is: 
d[PX] d[LXL] r ir , 
— d T = = k * [ L ] [ X L ] ~ 
Since [LXL] = X0 - ([PX] + [PXL] + [XL]), the rate equation can be re-arranged to, Eq. 
2.8.b.2: 
+ k-3)[XL] + k_3[PX] + k-3[PXL] - 3*0 
To get linear first order differential equation in [PX] (or [LXL]), expressions for [XL] and 
[PXL] in terms of X0 and [PX] were needed which were obtained by applying the steady-
state assumption to these species so that their absolute values and change of rate « 0. 
Derivation of an expression for [PXL]: 
^ ^ = k^lMPX] + k.2[P] • [XL] - (fc_x + k2)[PXL] = 0 
dt 
0 = k^L][PX] + k.2[P] • [XL] - + k2)[PXL] 
[Dvn _ kdL][PX] + k.2[P] • [XL] 
[ P X L 1 ~ ( k ^ h ) 
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Derivation of an expression for [XL] by using the [PXL] expression: 
d\XL] 
= k2[PXL] + [LXL] - ik_2[P] + k3[L])[XL] = 0 
[LXL] =X0- ([PX] + [PXL] + [XL]) 
By using expressions for [LXL] and [PXL], the above expression can be re-arranged to: 
fefcjL] - (Cfc_3fc_1 + k_3k2) + k_3kdL]))[PX] 
[ J ((/c_3/c_ 2 + k.2k^)[P] + (fc-s/c-i + k_3k2) + {k3k.t + k3k2)[L]) 
(ft-i + k2)k_3X0 
«k_3k_2 + k.2k.±)[P] + (k_3k_t + k_3k2) + (k3k_± + k3k2)[L]) 
The expressions for [XL] and [PXL] were then plugged into rate equation for— This 
differential equation is linear first order and can be arranged into: 
= —R(L, P, kx) • [PX] + Q{L, P, kx,X0) 
where R(L,P,kx) and Q(L,P,kx,X0) are functions of the rate constants, and [L], [P], and X0 
are total Cu concentration. For this linear first order differential equation, the final 
solution of the pseudo first order rate constant, k0bs, will be R(L,P,kx). 
Expressions for [XL] and [PXL] are plugged into Eq. 2.8.b.2 to give the expression for k0bS, 
Eq. 2.8.b.3: 
= 3 + fe_!)[P] + k^k.^L] + k1k-2k-3[L][P] + ktk2k3[L]2 
obs k_2(k_ 3 + k_J[P] + k—3 (/C—i + k2) + k3(k^ + k2)[L] 
When L 0 and [P] -> oo, /cobs will reduce to /c3. Under these conditions, as long as the 
protein concentration is large, the y-intercept should not depend on [P] for plots of kobs 
vs [BCA], 
fc_3fe-2(fe-3 + fe-g^EP] 
kobs~ k_2(k_3 + k^)[P] ~/C"3 
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When L co, the observed rate constant will increase linearly with [L] to give the 
apparent bimolecular rate constant: 
k1k2k3[L]2 k1k2[L] 
o b s * + " (fe-i + ^2) 
Both equilibrium absorbance changes and kinetic rates vs. [BCA] were fitted globally to 
obtain the theoretical fits. The sum of the error was minimized by varying Ki, K2, and K3 
and the reverse rate constants, k.lt k.2, and k-3 by Solver. The forward rate constant is 
the product of the equilibrium constant and reverse rate constant. The AAmax for each 
set of equilibrium data was also varied to minimize the error. 
The expressions were derived based on pseudo first order conditions with excess 
protein and chelator concentration compared to Cu concentration. The initial 
experimental conditions with 3.6 nM apo-Atoxl and 3.3 nM Cu were non-pseudo first 
order with respect to [P]. To fit the data, we set [P] = 2 nM as estimated from assuming 
50% binding: free [P] = 3.6 - 3.3/2 = 2.0 jiM. At high [BCA], when 100% Cu is chelated by 
BCA, free [P] will approach 3.6 nM, but at half time of the reaction, the value will remain 
2 nM. At low [BCA], where most Cu is still bound to protein, free [P] at the end of the 
reaction will be less than 2 jiM. F° r the high [P] (9 and 15 nM), the conditions are 
pseudo first order with respect to excess [P]. Since all three sets of data, 3.6, 9, and 15 
piM Atoxl with constant Cu concentration (3.3 |iM), could be fitted to equations 2.8.b.l 
and 2.8.b.3, the lack of pseudo first order conditions in the initial experiment where [P] 
was 3.6 nM can be neglected. 
To fit the experimental data where apo-protein concentration was 9 nM and Cu 
concentration 8.3 ^M, we set [P] = 4.8 nM based on 50% binding formula. 
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2. 2-Step mechanisms for chelator-mediated displacement of Cu from protein 
Analytical expressions for 3 different 2-step mechanisms were derived using similar 
approach as before. Steady-state assumptions were made for the intermediate to 
obtain linear first order differential equation. 
A. 2-Step mechanism with protein monomer at start: 
k l k 2 . 
PX + L . PX L + L - P + L X L 
k.i k-2 
Equilibrium expression: 
KiKilL? 
YIYI — 
LXL [P] + KdLm + KML]* 
Kinetic expression: 
_ /c_!/c_2[p] + Kk-Aim + k±k2[Ly 
kobs ~ k_2[P] + + k2[L] 
Limiting values for kobs: 
When [P] —> co and [L] -> 0, k0ijS 
When [P] 0 and [L] -» &>,kobs -» k^L] 
The y-intercept is the rate of dissociation of BCA from the protein-Cu-BCA complex and 
is dependent on the protein examined. Global fits of equilibrium and kinetic data for the 
3 different wtAtoxl concentrations to the expression for the 2-step monomer 
mechanism are shown in Figure 24. The computed parameters are listed in Table 5. 
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Table 5: Equilibrium and kinetic parameters obtained from global fitting of amplitude 
and rate data for wtAtoxI based on 3 different mechanisms. 
Parameters 2-step monomer 2-step dissociation first 2-step dimer 
Ki 2.0 x 10"5 |iM 1 6.3 x 10"5 |iM 9.6 x 10"4 
K2 4.1 x 10"
3 1.8 x 10"3 tiM 2 6.0 x 10"4 
ki 2.1 x 10"5 nM_1s 1 5.1 x 10"1 s"1 2.4 x 10"5 nM_1s 1 
k-i 1.0 s 1 8.0 x 103 n M ' V 1 2.5 x 10"2 nM_1s 1 
k2 4.1 x 10"2 nM_1s 1 7.0 x 10"4 nM"2s 1 4.7 x 10"4 nM_1s 1 
k-2 10.0 nivrV1 3.9 x 10 1 s 1 7.4 x l O ' ^ M ' V 1 
BCA concentration (jiM) BCA concentration (nM) 
Figure 24: 2-Step monomer mechanism. Theoretical fits (solid lines) to amplitude (left) 
and rate (right) experimental data (filled circles) for three wtAtoxI concentrations based 
on the two-step monomer mechanism. Buffer was 20 mM Tris-HCI, pH 7.5, 150 mM 
NaCI, and 500 pM DTT at 20 °C. 
B. 2-Step scheme with Cu dissociation from protein followed by Cu binding to 
chelator (initial hypothesis): 
k l k 2 
PX - P+ X + 2L . LXL 
k - l k -2 
Equilibrium expression: 
KiKjjL] 2 
YLXL ~ [P] + K I + K I K 2 [ L ] 2 
Kinetic expression: 
fc.1fc_2[P] + fcifc-2 + fcifc2[£]2 
kobs k^[P] + k_2 + k2[L]2 
6 0 
Limiting values for kobs: 
When [P] oo and. [L] 0, kobs « fc_2 
When [L] —» oo, /C0ds * 
The y-intercept will equal k.2, the rate of dissociation of first BCA from BCA-Cu-BCA 
complex. At high [BCA], kobs will equal klt the rate of dissociation of Cu from protein-Cu. 
Thus, there is a limiting rate at high [BCA] which is not experimentally observed. Global 
fits of equilibrium and kinetic data for 3 different wtAtoxl concentrations to the 
expression for the 2-step dissociation first mechanism are shown in Figure 25. The 
computed parameters are listed in Table 5. Based on the poor fits to this 2-step 
mechanism, it can be concluded that dissociation of Cu from protein is not the first step 
in the reaction. 
0.025 
5000 10000 15000 20000 o 
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10000 20000 
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Figure 25: 2-Step dissociation first mechanism. Theoretical fits (solid lines) to amplitude 
(left) and rate (right) experimental data (filled circles) for three wtAtoxl concentrations 
based on the two-step Cu dissociation first mechanism. Buffer was 20 mM Tris-HCI, pH 
7.5, 150 mM NaCI, and 500 \xM DTT at 20 °C. 
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C. 2-Step mechanism starting with protein dimer (PXP): 
This mechanism was postulated because Atoxl was crystallized as a Cu-bridged homo-
dimer. 
k l k 2 
PXP + L , p + px L + L - P + L X L 
k-1 k-2 
Equilibrium expression: 
K M L ] 2 
LXL [P]2+Ki[L][P]+KiK2[L]2 
Kinetic expression: 
= k±k2[L]2 + fc1[L]fe_2[P] + k_tk - 2 [P]2 
kobs (fc_i + k-2)[P] + k2[L] 
Limiting values for k0bS: 
When [L] 0, kobs = 
When [L] -» oo,kobs = k±[L] 
The y-intercept should depend linearly on [Atoxl], which is not experimentally 
observed. Global fits of equilibrium and kinetic data for the 3 different wtAtoxl 
concentrations to the expression for the 2-step protein dimer mechanism are shown in 
Figure 26. The computed parameters are listed in Table 5. Based on the poor fits to this 
2-step mechanism, it can be concluded that Atoxl does not self-associate into a homo-
dimer under our experimental conditions. 
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Figure 26: 2-Step dimer mechanism. Theoretical fits (solid lines) to amplitude (left) and 
rate (right) experimental data (filled circles) for three wtAtoxI concentrations based on 
the two-step dimer mechanism. Buffer was 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 
500 pM DTT at 20 °C. 
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Chapter 3: 
Dissecting the Role of Copper and Conserved Residues in Protein Stability 
3.1 Global view of evolutionarily conserved players of copper-trafficking pathway 
Based on putative metal-binding motifs and homologues of the known 
metalloproteins within the sequenced genomes, it is predicted that 25-33% of all 
proteins bind metal cofactors (Waldron and Robinson, 2009). In vitro studies have 
demonstrated the role of metals in not only adding stability to proteins but possibly 
acting as nucleation centers in directing protein folding (Wilson et al., 2004). Although 
copper chaperones and their target receptor proteins/domains have been structurally 
and biochemically characterized, there is a dearth of information regarding the 
thermodynamic stability of these proteins. The physiological role of metallochaperones 
involves cycling of the protein in both metal-bound and metal-free form (O'Halloran and 
Culotta, 2000); thus, we investigated protein stability in both forms. Furthermore, we 
created four Atoxl point variants to explore the effect of amino acid changes in and 
around the copper-binding site on copper binding, protein stability, and partner 
recognition. 
The ferredoxin-like fold of Cu chaperones and the target metal-binding domains 
of the Cu-ATPases is completely conserved from prokaryotes to eukaryotes (Arnesano et 
al., 2002). However, little sequence homology is present between the chaperones and 
the metal-binding domains. High sequence homology is not necessary for proteins to 
share a common fold (Orengo et al., 1994), since a common structure requires 
conservation of interactions rather than specific side chains (Babajide et al., 1997). A 
6 4 
combination of both conservative and complementary substitutions at key residue 
positions allows for intricate diversity within this class of proteins and their receptor 
metal-binding domains. 
3.2 Narrowing in on the metal-binding site 
In addition to the ferredoxin-like fold, the metal-binding motif, MetXiCysX2X3Cys 
is also completely conserved in the copper chaperones (Arnesano et al., 2002) (Figure 
27). All eukaryotic Cu chaperones have the metal binding motif MetXiCysX2GlyCys, 
whereas greater diversity exists within prokaryotic copper chaperones. Based on 
molecular dynamics (MD) simulations on Atoxl, MetlO in the metal binding loop is 
essential for protein rigidity and to position the cysteine thiols in proper orientation for 
Cu uptake (Poger et al., 2005). In our studies, this Met residue was mutated to an 
alanine (MetlOAIa Atoxl). Position Xi is always occupied by a polar residue capable of 
forming hydrogen bonds in the chaperones and metal-binding domains of the Cu-
ATPases (Figure 27). The exact role of this position has yet to be defined, but it has been 
proposed to contribute to forming a hydrogen bond network with the receptor metal-
binding domain of the Cu-ATPase (Wernimont et al., 2000). This position is occupied by 
a Thr in most eukaryotic chaperones including Atoxl. In this work, the Thr residue was 
mutated to an alanine residue (ThrllAla Atoxl). 
An important difference between the eukaryotic and bacterial Cu chaperones is 
position 60 in Atoxl (Figure 27). Although distant in primary sequence from the metal-
binding site, this residue is situated in close proximity to the metal-binding site in the 
tertiary structure (Anastassopoulou et al., 2004; Arnesano et al., 2002). 
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In eukaryotic Cu chaperones, this residue (position 60) is an invariant Lys 
proposed to neutralize the overall negative charge of the Cu(l) bis-thiolate center and 
stabilize the metal-binding loop (Arnesano et al., 2002). In bacterial chaperones, this 
position is occupied by a Tyr which is proposed to form hydrophobic interactions with 
Met in the metal binding motif (Arnesano et al., 2002). Based on yeast two hybrid 
assays, mutation of Lys56, Lys57, and Lys60 (the latter two are conserved in eukaryotes) 
to glycine does not affect Atoxl interaction with metal binding domains of WND (Larin 
et al., 1999). We created the Lys60Tyr Atoxl point variant to mimic the bacterial 
counterpart as well as Lys60Ala to assess the effect of a non-polar residue in this 
position. 
This chapter reports the first thermodynamic analysis of copper chaperone 
unfolding and stability in vitro (Hussain and Wittung-Stafshede, 2007) and explores the 
stability of point mutants of Atoxl and two of the six individual metal-binding domains 
of Wilson disease protein. Although prokaryotic (CopZ) and eukaryotic (Atoxl) copper 
chaperones are structurally conserved, they share low sequence identity; thus, both 
proteins were used as prototypes to investigate protein stability. Wilson metal-binding 
domains 2 (W2) and 4 (W4) were chosen for additional study, as both domains have 
been proposed to interact with Atoxl (Achila et al., 2006; Banci et al., 2009b; van 
Dongen et al., 2004; Walker et al., 2004). Since these proteins cycle between both apo-
and holo-forms in vivo, folding and stability properties of both forms were investigated. 
6 7 
3.3 Results 
3.3.a Secondary-structure content analysis of apo-proteins: We examined secondary-
structure content of the copper chaperones and Wilson metal-binding domains. 
Integrity of secondary structure of all apo-proteins was measured by far-UV CD and 
analyzed by the program DICHROWEB (Lobley et al., 2002) (Figure 28). 
Figure 28: Secondary structure content analysis of apo-proteins. Far-UV CD spectra of 
wtCopZ (orange), wtAtoxI (blue), wtW2 (red), and wtW4 (gray) (30 pM proteins in 5mM 
potassium phosphate, pH 7.5 at 20°C). Solid lines are theoretical predictions from 
DICHROWEB (Lobley et al., 2002); experimental data are open circles. 
The theoretical prediction (solid line) of secondary structure content by 
DICHROWEB overlaps the experimental data (open circles), providing credibility to 
content prediction. All proteins are folded with some differences in secondary structure 
content. The sequence identity between the CopZ/Atoxl pair is 20%, whereas that for 
the W2/W4 pair is 44%. Despite the low sequence identity, all proteins share the 
190 200 210 220 230 240 
Wavelength (nm) 
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ferredoxin-like fold (3a3Pa(3) as revealed by NMR spectroscopy (CopZ, Atoxl, and 
wtW4) (Anastassopoulou et al., 2004; Banci et al., 2008a; Banci et al., 2003a; Banci et 
al., 2001) and homology modeling (wtW2) (Arnesano et al., 2002). CopZ has slightly less 
secondary structure content than Atoxl as evidenced by a larger percentage of 
unordered structure (Table 6). Consistent with this observation, NMR results and MD 
simulations demonstrate that apo-CopZ has shorter helices and P-strands and greater 
conformational dynamics than Atoxl (Banci et al., 2003a; Rodriguez-Granillo and 
Wittung-Stafshede, 2008). 
Table 6: Secondary-structure content of apo-proteins predicted by DICHROWEB (Lobley 
et al., 2002). 
Apo-protein Helices |3-strands Disordered 
wtCopZ 0.35 0.35 0.30 
wtAtoxI 0.34 0.42 0.24 
wtW2 0.29 0.35 0.36 
wtW2 post refolding 0.18 0.48 0.34 
wtW4 0.37 0.39 0.24 
W4Trp 0.34 0.37 0.29 
Wild-type W4 exhibits similar secondary structure to Atoxl. The NMR structure 
of a two domain construct of domains 3 and 4 with an inter-domain linker (designated 
W34) shows W4 as a compactly folded, individual structure in the two domain construct 
(Banci et al., 2008a) (Figure 29). Insertion of a Trp in place of Phe63 in W4 
(corresponding to position 60 of Atoxl) results in a higher percentage of unordered 
regions, possibly due to the presence of an additional 5-membered ring that may 
perturb proper packing of the protein core. Amongst all proteins analyzed, wtW2 
exhibits the highest percentage of disordered regions. To date, the structure of W2 has 
not been solved; furthermore, the domain does not remain soluble during expression 
without a tag. 
6 9 
W34 (pdb 2rop (Banci et al., 2008a)) with an inter-domain linker. Metal-binding Cys 
(purple) and sulfur (yellow) atoms are highlighted. Phe63 in W4 is shown as pink stick. 
3.3.b Formation of holo-proteins: Copper binding to all proteins was followed by 
spectral changes in the near-UV CD region (Figure 30). Aromatic residues contribute to 
the near-UV CD region and, in the proteins examined here, this region (250-320 nm) is 
dominated by ligand-to-metal charge transfer (LMCT). This transfer arises from CysS-Cu 
bonds, as observed in the metal environment of metallothioneins that also bind Cu via 
Cys thiols (Pountney et al., 1994; Stillman et al., 1994). Unique composition of residues 
around the metal-binding loop in both primary and tertiary structure gives rise to a 
similar trend, but clear differences in spectral changes in the chaperones versus the 
metal-binding domains exist. The contribution of Trp in W4Trp gives rise to 
distinguishing spectral features in the near-UV CD region as opposed to the other 
proteins that have either a Tyr (CopZ), Lys (Atoxl), or Phe (wtW2 and wtW4) in this 
position. 
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Figure 30: Cu binding monitored by near-
UV CD. Near-UV CD of apo-(dashed 
curves) and holo-(solid curves) forms of 
wtCopZ, wtAtoxI, wtW2, wtW4, and 
W4Trp. Protein (50 pM) in buffer 
containing 20 mM Tris-HCI, pH 7.5, 150 
mM NaCI, 250 pM DTT (unless noted 
otherwise). Concentrated stock of CuCb 
was added in small aliquots (to minimize 
protein dilution) to give 50 pM final [Cu] 
in the holo-samples. For wtCopZ, Cu-to-
protein complexes of 1:2 (solid tan; in 
absence of DTT) and 1:1 (solid orange; in presence of DTT) ratios are shown. 
260 280 300 320 340 
Wavelength (nm) 
360 
7 1 
All four Atoxl variants bind Cu and exhibit similar trends upon Cu binding as 
wtAtoxI (Figure 31). 
Figure 31: Copper binding to Atoxl variants monitored by near-UV CD. Near-UV CD of 
apo-(dashed curves) and holo-(solid curves) forms of Atoxl variants; MetlOAIa, 
ThrllAla, Lys60Ala, and Lys60TyrAtoxl. Protein (50 pM) in buffer containing 20 mM 
Tris-HCI, pH 7.5, 150 mM NaCI, and 250 pM DTT at 20 °C. Concentrated stock of CuCI2 
was added in small aliquots (to minimize protein dilution) to give 50 pM final Cu 
concentration in the holo-samples. 
CopZ exhibits unique copper binding characteristics that are absent in all other 
proteins investigated. Formation of different protein-copper complexes is found for 
CopZ based on solvent conditions. Addition of Cu(ll) in the absence of a reducing agent 
results in formation of a Cu-bridged homo-dimer protein complex (Figure 30) as 
reported earlier (Kihlken et al., 2002). Addition of one equivalent of Cu(ll) in the 
presence of DTT creates a monomeric 1:1 holo-form, likely involving DTT thiols as 
exogenous Cu ligands in addition to the protein thiols (Figure 30). Based on EXAFS, NMR, 
and MD simulations, Cu coordination in CopZ is demonstrated to be trigonal as opposed 
to linear in Atoxl (Banci et al., 2001; Ralle et al., 2003; Rodriguez-Granillo and Wittung-
Stafshede, 2008). Even though CopZ has two metal-binding Cys in its metal-binding 
motif like Atoxl, other residues in the metal-binding site may poise the ligands to induce 
trigonal metal-coordination. Steric hindrance due to the presence of Gin (X2) and His (X3) 
in between the metal-binding Cys residues in CopZ as opposed to two Gly residues in 
Atoxl may predispose the metal-binding loop in CopZ to adopt a more solvent exposed 
conformation that is vulnerable to attack by a third ligand. 
In CopZ, residue 65 is a Tyr; although distant in primary sequence, it is only ~7 A 
from the copper-binding site in the tertiary structure. We found that copper binding to 
CopZ results in quenching of Tyr fluorescence emission until 1:1 stoichiometry is 
reached (Figure 32). In Atoxl, since the two Tyr residues present are located far from 
the copper binding site, they do not exhibit copper-dependent fluorescence quenching. 
Furthermore, metal-dependent fluorescence quenching could not be observed in wtW2 
and wtW4 that have a Phe in the same position due to the low fluorescence emission 
intensity of Phe and the presence of Tyr in other regions of the proteins that likely mask 
the Phe emission. 
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Figure 32: Copper induced fluorescence 
quenching of wtCopZ. Copper additions 
to apoCopZ monitored by fluorescence 
changes at 303 nm; dashed line is a 
single exponential fit to experimental 
data (filled circles). Conditions were 30 
pM protein in buffer containing 20 mM 
Tris-HCI, pH 7.5, 150 mM NaCI, and 150 
pM DTT at 20 °C. 
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W4Trp has a Trp engineered in place of Phe63 in wtW4 (Figure 29); the emission 
of this Trp residue increases upon copper binding (Figure 33), contrary to the quenched 
Tyr emission in CopZ. 
Figure 33: Fluorescence spectra of W4Trp. 
Fluorescence spectra of apo-(dashed) and 
holo-(solid) forms of W4Trp upon 
excitation at 295 nm at 1:1 copper-to-
protein ratio (50 pM protein in buffer 
containing 20 mM Tris-HCI, pH 7.5, 150 
mM NaCI, and 250 pM DTT at 20 °C). 
300 350 400 
Wavelength (nm) 
450 
It is possible that the Trp is partially solvent-exposed in the folded state, giving rise to a 
low apo-protein signal, and/or that the emission is quenched by the Cys thiols (in the 
metal-binding loop). Upon Cu addition, the Cys thiols interact with the Cu and possibly 
move away from the Trp. MD simulations on holo-Atoxl reveal a significant decrease in 
the mobility of Cys, and of the whole protein, upon Cu binding (Rodriguez-Granillo and 
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Wittung-Stafshede, 2008). Thus, reduction in mobility of the Trp and/or Cys may occur 
in W4Trp upon Cu binding, causing the observed increase in Trp emission. 
Solvent exposure of the engineered Trp in both apo- and holo-forms of W4Trp 
was further probed by iodide quenching of the Trp in the protein (Figure 34). The 
solvent exposure of the Trp in both the apo- and holo-forms of the protein seems to be 
similar as no significant difference is seen in the slopes of the Stern-Volmer plots. 
2, , , , , , 2 
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Figure 34: Stern-Volmer plots. Iodide quenching of apo-(left) and holo-(right) forms of 
W4Trp. Conditions were 50 nM protein in buffer containing 20 mM Tris-HCI, pH 7.5,150 
mM NaCI, and 250 |aM DTT at 20 °C. Xmax at 340 nm. 
This behavior was compared to the quenching of N-acetyl tryptophanamide 
(NATA) by iodide and Cu-DTT (Figure 35). Since the Stern-Volmer plots for W4Trp in apo-
and holo-forms show no slopes compared to slope of NATA quenching, we predict that 
the Trp in W4Trp is not solvent-exposed. 
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Figure 35: Control experiment Stern-Volmer plots. NATA (50 pM) quenching by iodide 
(left) and by cuprous ion (right) (CuCI2 in presence of 250 pM DTT). Iodide concentration 
is in mM, whereas only pM amounts of CuCI2 were added to keep copper concentration 
lower than DTT concentration. 
Quenching of tryptophan fluorescence due to electron transfer to the local 
backbone amides has been well established (Froehlich and Nelson, 1978). However, the 
environment around the tryptophan can influence quenching by the amide groups; 
negatively charged amino acid residues, such as aspartic and glutamic acid may increase 
quenching by the backbone amide via stabilization of the charge transfer state (Callis 
and Liu, 2004). Position 63, the site of the engineered Trp, in W4 is surrounded by both 
glutamic and aspartic acid residues (Figure 36). Thus, we concluded the low 
fluorescence yield of the engineered Trp in W4 is due to the 
residues in the local environment. 
Figure 36: Solution structure of wtW4. NMR structure of wtW4 
(pdb 2rop (Banci et al., 2008a)) with Phe63, the site of the 
engineered Trp, highlighted in pink. Cys, Asp, and Glu acid 
residues that possibly quench the Trp fluorescence are 
highlighted in purple (Cys) and red (Asp and Glu); sulfur atoms 
are shown in yellow. 
Cysllf 
Glu64 
3.3.c Thermal stability of proteins: Thermal stability of all proteins in the apo- and holo-
forms was probed by heat-induced denaturation monitored by far-UV CD and Tyr/Trp 
emission. In the case of holo-CopZ, thermal stability of only the monomeric form of the 
protein in presence of DTT is reported, as copper-mediated thiol oxidation in the 
absence of DTT resulted in aggregation of the dimeric form of CopZ. The thermal 
unfolding of apo-forms of wtCopZ and wtAtoxl are two-state transitions, and the CD 
and fluorescence data overlap in each case (Table 7; Figure 37). CopZ is considerably less 
stable than Atoxl towards thermal perturbations in both apo- and holo-forms. 
Table 7: Thermal and chemica unfolding results of apo- and iolo-proteins. 
Protein 
A GH2O 
(kJ/mol) 
m 
(kJ/(mol-M)) 
[Urea] 1/2 
(M) 
Tm 
cc) 
wtCopZ 18.6 ± 1 3.9 4.8 ±0.1 46 ± 1 
wtAtoxl 25.7 ± 1 4.8 5.3 ±0.1 74 ± 1 
Apo wtW2 N.D. N.D. N.D. 68 ± 1 
wtW4 N.D. N.D. N.D. 87 ± 1 
W4Trp N.D. N.D. N.D. 78 ± 1 
wtCopZ 23.1 ± 1 4.5 5.1 ±0.1 59 ± 1 
wtAtoxl 33.1 ± 1 5.2 6.4 ±0.1 92 ± 1 
Holo wtW2 N.D. N.D. N.D. 79 ± 1 
wtW4 N.D. N.D. N.D. >93 ± 1 
W4Trp N.D. N.D. N.D. 90 ± 1 
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Figure 37: Thermal denaturation of wtCopZ and wtAtoxI. Thermally-induced unfolding 
of apo-(open circles) and holo-(filled circles) forms of wtCopZ and wtAtoxI. Solid lines 
are theoretical fits (refer to Methods, section 2.8.a.2) to the experimental data. 
Conditions were 20 pM protein, 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 100 pM 
DTT. 
Reversibility was assessed by reverse scans from high to low temperatures while 
monitoring ellipticity at 220 nm. Although about 90% of the ellipticity at 220 nm is 
regained upon refolding of holo-forms of the proteins, near-UV CD analysis of holo-
forms reveals the refolded structure is not similar to the native holo-form (Figure 38). In 
the absence of reversibility, only relative 
thermal stability of the holo-forms can 
be assessed. 
Figure 38: Non-native tertiary structure 
following refolding. Near-UV CD spectra 
of holo-wtAtoxl at 20 °C pre-(blue) and 
post-(cyan) thermal denaturation. 
Conditions were 50 pM protein, 20 mM 
Tris-HCI, pH 7.5, 150 mM NaCI, and 250 
pM DTT. 
Wavelength (nm) 
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Wild-type W4 is considerably more resistant to thermal denaturation than 
wtW2, CopZ, and wtAtoxl (Table 7; Figure 39). However, W4Trp is significantly less 
Temperature (K) 
Figure 39: Thermal denaturation of WND 
metal-binding domains. Thermally-induced 
unfolding of apo-(open circles) and holo-
(filled circles) forms of wtW2, wtW4, and 
W4Trp. Solid lines are theoretical fits (refer 
to Methods, section 2.8.a.2) to the 
experimental data. Conditions were 20 pM 
protein in buffer containing 20 mM Tris-
HCI, pH 7.5, 150 mM NaCI, and 100 pM 
DTT. 
Whereas the apo copper chaperones unfold reversibly, the metal-binding 
domains (both apo- and holo-forms) unfold irreversibly and adopt a non-native 
secondary structure characterized by a significantly higher content of P-strands upon re-
cooling to 20 °C (Table 7; Figure 40). Holo-forms of all proteins are more resistant to 
thermal denaturation than the apo variants, albeit to different magnitudes (Table 7). 
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Figure 40: Far-UV CD spectra of 
wtW2. Far-UV CD spectra of wtW2 
pre-thermal denaturation (red) 
and post-thermal denaturation 
(pink) upon refolding at 20 °C. 
Open circles are observed data and 
solid lines are theoretical fits 
obtained from DICHROWEB 
(Lobley et al., 2002). Non-native 
secondary structure is formed 
upon refolding showing lack of 
reversibility following thermal 
denaturation. 
Effect of point mutations in the vicinity of Cu-binding site on the thermal stability 
of Atoxl was also investigated (Table 8; Figure 41). Replacement of MetlO with Ala 
significantly decreases the thermal stability of the protein in both apo- and holo-forms. 
Replacement of Thr l l and Lys60 with Ala lowers thermal stability of Atoxl to a similar 
extent, whereas substitution of Tyr at position 60 enhances thermal stability. Cu adds 
stability to all point variants. Interestingly, for Lys60Tyr, the smallest Tm difference in 
apo- and holo-forms is observed. 
Table 8: Thermal and chemica unfolding results of apo- and lolo-Atoxl variants. 
Protein A GH20 
(kJ/mol) 
m 
(kJ/(mol-M)) 
[Urea]i/2 
(M) 
T m 
(°C) 
Wild-type 25.7 ± 1 4.8 5.3 ±0.1 74 ± 1 
MetlOAIa 10.6 ± 1 5.1 2.1 ±0.1 58 ± 1 
Apo ThrllAla 21.4 ± 1 4.6 4.7 ±0.1 69 ± 1 
Lys60Ala 21.9 + 1 4.7 4.7 ±0.1 70 ± 1 
Lys60Tyr 27.4 ± 1 5.0 5.5 ±0.1 80 ± 1 
Wild-type 33.1 ± 1 5.2 6.4 ±0.1 92 ± 1 
MetlOAIa 15.9 ± 1 4.6 3.5 ±0 .1 75 ± 1 
Holo ThrllAla 31.7 ± 1 5.3 6.0 ±0.1 90 ± 1 
Lys60Ala 25.0 ± 1 5.0 5.0 ±0.1 83 ± 1 
Lys60Tyr 28.9 ± 1 5.1 5.7 ±0.1 85 ± 1 
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Figure 41: Thermal unfolding of Atoxl variants. Thermally-induced unfolding of apo-
(open circles) and holo-(filled circles) forms of MetlOAIa, ThrllAla, Lys60Ala, and 
Lys60Tyr Atoxl. Solid lines are theoretical fits (refer to Methods, section 2.8.a.2) to the 
experimental data. Conditions were 20 pM protein, 20 mM Tris-HCI, pH 7.5, 150 mM 
NaCI, and 100 pM DTT at 20 °C. 
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3.3.d Chemical unfolding of proteins: Equilibrium unfolding of both apo- and holo-
forms of all proteins was induced by urea and monitored by far-UV CD and Tyr/Trp 
fluorescence. Initial unfolding experiments were carried out by incubation of protein 
with urea for two hours before measuring CD and fluorescence. However, all holo-forms 
investigated showed relatively low m values (slope of transition region) for a small 
protein in absence of any apparent intermediates. Time-resolved unfolding of apo and 
holo-wtAtoxl was conducted using stopped-flow mixing monitored by fluorescence to 
observe the timescale of unfolding. Unfolding was complete within 3 seconds (Figure 
14); thus, all equilibrium unfolding experiments were repeated with incubation of 
protein with urea for 30 minutes instead of 2 hours. Shorter incubation periods 
improved m values in holo-proteins as long incubation periods under aerobic conditions 
appear to result in Cu oxidation that interferes with measurement of protein unfolding. 
Urea-induced unfolding of Wilson metal binding domains, wtW2, wtW4, and 
W4Trp, could not be analyzed as all three domains adopted non-native structure with 
high p-sheet content under denaturing conditions instead of unfolding into random 
coils. The formation of non-native secondary structure with high p-sheet content 
indicates propensity of the Wilson metal-binding domains to possibly engage in amyloid 
formation, whereas this phenomenon is absent in Atoxl despite the same structural 
fold. 
Unfolding of both apo- and holo-forms of wtCopZ and wtAtoxI (plus point 
mutants) appears as a two-state transition with CD and fluorescence-detected data 
overlapping in each case. Wild-type CopZ has a lower stability and urea concentration at 
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the transition midpoint than wtAtoxl in both apo- and holo- forms (Table 7; Figure 42). 
However, for both proteins, the holo-forms are more resistant to chemical perturbation 
as compared to their apo-variants. 
Figure 42: Urea-induced unfolding of wtCopZ and wtAtoxl. Urea-induced unfolding of 
apo-(open circles) and holo-(filled circles) forms of wtCopZ and wtAtoxl monitored by 
far-UV CD. Solid curves are two-state fits (refer to Methods, section 2.8.a.l) to the 
observed data. In all cases, the holo form corresponds to 1:1 Cu-to-protein ratio in 
presence of DTT. Conditions were 20 pM protein, 20 mM Tris-HCI, pH 7.5,150 mM NaCI, 
and 100 pM DTT at 20 °C. 
Chemically-induced unfolding of all Atoxl variants was also investigated (Table 8; 
Figure 43). The trends in stability and resistance to chemical perturbation are similar to 
trends in thermal stability. MetlOAIa has the lowest stability of all variants in both apo-
and holo-forms. Lys60Tyr has the highest stability in the apo-form amongst all the 
variants, whereas holo-form of wtAtoxl has the highest stability amongst the holo 
variants. 
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Figure 43: Urea-induced unfolding of Atoxl variants. Urea-induced unfolding of apo-
(open circles) and holo-(filled circles) forms of MetlOAIa, ThrllAla, Lys60Ala, and 
Lys60Tyr Atoxl. Solid lines are theoretical fits (refer to Methods, section 2.8.a.l) to the 
experimental data. Conditions are 20 pM protein, 20 mM Tris-HCI, pH 7.5, 150 mM 
NaCI, and 100 pM DTT at 20 °C. 
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3.4 Discussion 
This thermodynamic analysis of structure and stability of copper chaperone 
proteins and selected WND metal-binding domains provides new insights into this 
important class of proteins. Despite the same topology, the apo-form of the bacterial 
chaperone, CopZ, has a 24° lower Tm than its human counterpart, Atoxl. Variations in 
surface charges may contribute to higher stability of Atoxl. In CopZ, there is a large 
patch of negatively charged residues in one region that is proposed to form the 
interaction surface with the target metal-binding domains of SsCopA. In contrast, the 
surface charges on Atoxl are dispersed as patches of mixed charges. This dispersion of 
charges on Atoxl may reflect mechanistic versatility of Atoxl in interacting with more 
than one of the six metal-binding domains of Wilson disease protein, whereas SsCopA 
has only two metal-binding domains. This distribution of charges in Atoxl may allow for 
formation of stabilizing intramolecular salt bridges on the surface of Atoxl but not in 
CopZ. As electrostatic interactions become more dominant than hydrophobic 
interactions at high temperatures due to reduction in dielectric constant of water (Xu et 
al., 1997), their effect on protein stability becomes more pronounced, as evident in the 
thermal stability data. 
Urea-induced unfolding confirms the thermal data, with CopZ exhibiting lower 
stability and lower concentration of urea at midpoint of transition than Atoxl. 
Furthermore, the lower m value of CopZ indicates a less ordered native structure in 
CopZ than Atoxl, leading to a smaller area of hydrophobic surface being exposed upon 
unfolding. In support of our results, MD simulations report higher conformational 
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dynamics for CopZ versus Atoxl (Rodriguez-Granillo and Wittung-Stafshede, 2008). NMR 
results also indicate more conformational averaging in apo-CopZ than apo-Atoxl 
(Anastassopoulou et al., 2004; Banci et al., 2003a; Banci et al., 2001). The presence of 
competing chaperones in eukaryotic cells (O'Halloran and Culotta, 2000) may require a 
more stable apo-form in eukaryotes as compared to prokaryotes. 
Although the Cu site is confined to a loop in both proteins, Cu binding stabilizes 
both proteins towards heat and chemical-induced denaturation. Based on MD 
simulations, Cu binding adds rigidity and contracts the overall fold of both proteins 
(Rodriguez-Granillo and Wittung-Stafshede, 2008). Copper-induced stability has been 
seen in Pseudomonas aeruginosa azurin (Wittung-Stafshede, 2004) but was absent in 
the human ferroxidase, ceruloplasmin (Sedlak and Wittung-Stafshede, 2007). However, 
in the chaperones and target metal-binding domains, Cu-induced stability seems typical 
(Hussain and Wittung-Stafshede, 2007). This differential stability in apo- and holo- forms 
of the proteins is linked to differences in the conformational dynamics of the Cu-
binding loop and proximal regions (Rodriguez-Granillo and Wittung-Stafshede, 2008) 
which may play a role in target recognition. 
Although the ferredoxin-like fold is well conserved amongst this group of 
proteins, sequence variation dictates thermodynamic stability, as well as oligomeric 
nature of proteins in presence of Cu. To probe further the role of conserved residues in 
eukaryotic copper chaperones, thermodynamic stability of point mutants in Atoxl was 
investigated. MetlO is conserved in the metal-binding motif of all chaperones. The 
MetlO side chain is not involved in metal coordination but points instead toward the 
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hydrophobic core of the protein (Arnesano et al., 2002; Arnesano et al., 2001b; 
Rosenzweig and O'Halloran, 2000) to maintain the overall fold as well as modulate 
solvent exposure of the metal-binding loop. Replacement of MetlO with Ala significantly 
destabilizes Atoxl, as seen experimentally in our thermal and chemical denaturation 
data; this result is corroborated by MD simulations that reveal abrogation of 
hydrophobic contacts between MetlO and residues 33-35 and 38-40 in the Ala-
substituted variant, resulting in increased backbone dynamics (Rodriguez-Granillo and 
Wittung-Stafshede, 2009). 
Adjacent in primary sequence to Met in the metal binding motif is a polar 
residue, which is predominantly Thr in eukaryotic Cu chaperones as well as both 
eukaryotic and prokaryotic Cu-ATPase metal-binding domains, but Ser in the prokaryotic 
Cu chaperones (Arnesano et al., 2002). In the apo-form of Atoxl, Thr l l points away 
from the Cu site, whereas it points in the direction of the Cu site in the holo-form 
(Anastassopoulou et al., 2004). The role of Thr l l has not been well-characterized 
experimentally except that it is proposed to hydrogen bond with the first Cys in the 
metal-binding motif of the receptor metal-binding domain during transfer (Wernimont 
et al., 2000). Thus, the need for a residue capable of forming a hydrogen bond explains 
presence of Ser in the prokaryotic chaperones. ThrllAla Atoxl is only slightly less stable 
than the wild-type protein in the apo-form, and Cu binding rescues the variant to exhibit 
thermodynamic stability similar to the wild-type protein. This small effect of Thr l l 
residue on Atoxl stability may reflect on conservation of this residue for target 
recognition rather than for contributing to structural stability of the protein. 
A key difference between the eukaryotic and prokaryotic copper chaperones is 
the amino acid residue occupying position 60 (numbered according to Atoxl sequence); 
although distant in primary sequence, this residue is structurally in close proximity to 
the metal-binding site (within 4 A in Atoxl). This residue is an invariant Lys in eukaryotic 
copper chaperones and has been proposed to neutralize the overall negative charge of 
the bis-thiolate Cu center (Arnesano et al., 2002; Banci et al., 2003a). Lys60 is solvent 
exposed in both apo- and holo-forms, but points towards the metal-binding loop in the 
holo form and away from the metal-binding loop in the apo form of Atoxl 
(Anastassopoulou et al., 2004), possibly contributing to a certain level of flexibility which 
helps poise the metal-loop in proper orientation for Cu uptake. In prokaryotes, the 
corresponding amino acid at this position is always Tyr with the side chain forming 
hydrophobic contacts with the side chain of the conserved Met in the metal-binding 
motif (Banci et al., 2003a; Banci et al., 2001). In the metal-binding domains of both 
prokaryotic and eukaryotic Cu-ATPases, position 60 is occupied by a Phe. Substitution of 
Lys60 with Ala slightly destabilizes the apo-form, whereas presence of Tyr adds stability. 
This difference may reflect the ability of the Tyr side chain to engage in a network of 
hydrophobic contacts that add stability. In contrast, the small side-chain of Ala may not 
participate in such an extensive network of contacts resulting in lower thermal and 
chemical stability of Lys60Ala Atoxl (Table 8). 
Protein stability/folding studies have, to a significant extent, concentrated on 
model proteins spanning a range of common structural folds. The role of cofactors in 
polypeptide folding has also been exploited using model systems (Andersson et al., 
2001; Wilson et al., 2004; Wittung-Stafshede, 2004). The motivation behind studying the 
differential stability of apo- and holo-forms of this structurally conserved class of 
physiologically relevant proteins was to gain insight into the role of sequence variation 
in dictating stability over topological similarity, as well as role of cofactor in modulating 
stability. Furthermore, assessing the role of conserved residues around the Cu binding 
site in Atoxl has set the foundation for further investigation relating to the physiological 
role of Atoxl revolving around mechanism of partner recognition and copper release. 
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Chapter 4: 
Role of Conserved Residues in Copper Dissociation 
4.1 An atypical metal-ligation environment 
Numerous metals, such as Li+, Na+, K+, Ag+, Cs+, Mg++, Mn++, Zn++, and Cu+/++, 
serve as cofactors in proteins (Fenton, 1995). Great diversity exists in the metal 
coordination geometry dictated by ligand environment in these proteins; thus, metal-
sites are pre-organized to optimize the physiological role of proteins. Even a single metal 
exhibits variation in its metal site; copper centers in proteins have been characterized 
into various groups such as the Type I to Type III, trinuclear centers, as well as CuA and 
CuB (Fenton, 1995; Silva and Williams, 2001). Despite the diversity found in the metal-
sites of proteins, these sites are encapsulated in shells of hydrophilic ligands, containing 
nitrogen, oxygen, and sulfur atoms, which are in turn surrounded by carbon-containing 
groups (Yamashita et al., 1990). 
However, the copper chaperones possess a unique metal-binding motif that is 
highly solvent-exposed in the tertiary protein structure as opposed to the typically 
shielded metal-sites found in other groups of proteins. This solvent-exposed Cu-site 
facilitates transfer of copper to the target metal-binding domains of Cu-ATPases. 
Nevertheless, the chaperones must protect the bound metal to prevent premature loss 
of Cu. The only side chains that bind Cu are two Cys residues; however, a network of 
conserved residues around the Cu-site ensures proper uptake and release of the Cu ion 
(Arnesano et al., 2004; Arnesano et al., 2002; Banci et al., 2009a). To gain insight into 
the role of conserved residues around the Cu-site, chelator-induced Cu dissociation 
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from the prototypical Cu chaperone, Atoxl, was investigated. Furthermore, the 
structurally conserved homologs of Atoxl, W2 and W4, were also tested. 
4.2 Our mechanism prediction and variant selection 
4.2.a Initial goal and hypothesis: The initial goal was to measure the rate of Cu 
dissociation from Atoxl variants and Wilson MBDs by mixing the holo-proteins with 
increasing concentrations of a Cu chelator. We predicted a two-step mechanism which 
involved dissociation of Cu from the holo-protein followed by binding of Cu to the 
chelator: 2|_ P 
where P = protein, L = chelator, and X = Cu+. 
This mechanism predicts that the observed rate will asymptotically approach a limit 
equal to that of rate of dissociation of Cu from protein at high chelator concentrations 
(Figure 44). 
P+ X + 2L LXL 
k 
- 2 
Figure 44: Predicted mechanism of BCA-
induced Cu dissociation from protein. 
Initial hypothesis for dependence of k0bS 
on BCA concentration predicted rate of 
Cu dissociation from protein at high BCA 
concentrations to be the rate limiting 
step of the reaction. 
[BCA] 
4.2.b Choice of Atoxl point mutants: Atoxl residues selected for mutation included 
MetlO, Thrll, and Lys60. These residues are in close proximity of the metal-binding site 
but are not directly involved in metal-ligation. Alanine was engineered in place of the 
native residues; however, for Lys60, a Tyr substitution was also generated to mimic the 
bacterial counterparts of Atoxl (Arnesano et al., 2002). 
4.2.C Choice of copper chelator: A Cu+ specific chelator with distinct optical activity in 
Cu-bound versus free form was required. Also, it was necessary to have a chelator that 
did not denature the protein; thus, biquinoline, which is only soluble in acetic acid, was 
excluded. Initially, bathocuproine disulfonate (BCS) was used to measure copper 
dissociation kinetics of Atoxl variants. BCS forms a specific homo-dimeric complex 
bridged by Cu with an e48o nm of 13,500 M^cnrf1 (Smith, 1953). However, binding of Cu 
from Atoxl as well as from solution, resulted in extremely slow and multiphasic kinetic 
traces that posed challenges to analytical interpretation (Figure 45). The multiphasic 
behavior of the reaction could have been an artifact due to intermolecular stacking of 
BCS molecules and thus was not pursued further. 
Figure 45: BCS-induced Cu dissociation 
from Atoxl. BCS was mixed with Cu-
Atoxl (post mixing, [BCS] = 160 pM and 
[Cu-Atoxl] = 4 pM) in a stopped-flow 
mixer and absorbance at 480 nm was 
monitored over time. This multiphasic 
kinetic trace could not be interpreted in 
terms of a physical mechanism. 
Conditions were 20 mM Tris-HCI, pH 7.5, 
150 mM NaCI, and 500 pM DTT at 20 °C. 
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Therefore, another Cu+ specific chelator, bicinchoninic acid (BCA) was used. BCA forms a 
specific 2:1 colored complex with Cu+ with an £565 nm of 7,700 M_1cm 1 and an association 
constant of logK ~14 (Smith, 1953; Yatsunyk and Rosenzweig, 2007) (Figure 46). 
Figure 46: Reaction of BCA with cuprous ion. Reaction of BCA with cuprous ion to yield 
bis-BCA-Cu complex that absorbs at 565 nm. 
4.3.a Initial set-up: Initially, Cu dissociation from Atoxl was studied under the following 
conditions using 1:6 mixing (1 part Cu-protein solution: 5 parts BCA solution). This 
mixture yielded a Cu-protein concentration of 3.3 pM Cu - 3.6 pM apo-protein. The final 
DTT concentration post-mixing with BCA solution was 500 pM. The rate of Cu 
dissociation from wtAtoxl was measured by mixing holo-protein with increasing 
amounts of BCA. Time courses for Cu transfer were monitored by following the increase 
in absorption at 565 nm due to formation of the bis-BCA-Cu complex (Figure 47). A 
similar experiment was conducted using "free Cu" in presence of DTT without protein 
(Figure 47). The transfer of Cu from holo-protein to BCA was much faster than Cu uptake 
by BCA from solution. At a BCA concentration of 16,000 pM, the reaction is complete 
within first 20 seconds for holo-protein but not for "free" Cu in solution (Figure 47, A). 
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Figure 47: Cu transfer from Atoxl to BCA. 
Observed data for Cu transfer to BCA 
from 3.6 pM Cu-wtAtoxl and 3.6 pM 
"free" Cu at 16,000 pM BCA (panel A). 
Fitted curves for transfer of Cu from Cu-
wtAtoxl (panel B) and "free"-Cu (panel C) 
to BCA measured by absorption changes 
at 565 nm as a function of time. 
Conditions were 20 mM Tris-HCI, pH 7.5, 
150 mM NaCI, and 500 pM DTT at 20 °C. 
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However, the extent of uptake of "free" Cu from solution was much greater at all of the 
BCA concentrations tested (Figure 48). A 5,000-fold excess of BCA was required to 
completely extract Cu from 3.6 pM holo-wtAtoxl. Since the Cu transfer reactions were 
performed in the presence of excess DTT, it is probable that slow dissociation of DTT 
from Cu is reflected in the rate of uptake by BCA. 
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0.025 
0.02 Figure 48: Amplitude change vs. 
[BCA] for "free"-Cu and Cu-
Atoxl. Amplitude change as a 
function of BCA concentration for 
Cu transfer from Atoxl and from 
solution. Conditions were 3.3 pM 
Cu - 3.6 pM apo-protein or 3.6 
pM "free"-Cu in buffer containing 
20 mM Tris-HCI, pH 7.5, 150 mM 
NaCI, and 500 pM DTT at 20 °C. 
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4.3.b Testing validity of derived equations: A more thorough examination of the 
mechanism of Cu transfer from Atoxl to BCA was conducted by keeping the Cu 
concentration constant and increasing the apo-wtAtoxl concentration. The observed 
data for each set of experiments were fitted to single exponentials, and the change in 
absorbance (amplitude change) and observed rates (k0bS) were plotted against BCA 
concentration. The amplitude change showed a sigmoidal dependence on the 
concentration of added BCA (Figure 49). A large concentration of BCA, approximately 5 
mM, was required for removal of 50% of the Cu from 3.6 pM Atoxl. The concentration 
of the chelator required increased significantly when excess apo-Atoxl was added to 
compete with the chelating agent for the Cu (Figure 49). The observed rate for transfer 
of Cu from Atoxl to BCA, kobs, showed a parabolic dependence on BCA concentration 
that was more prominent at low apo-Atoxl concentrations (Figure 49). Following an 
initial decrease in the k0bS, the rate increased with a linear dependence on [BCA]. 
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Figure 49: 3-Step mechanism. Experimental (filled circles) and theoretical (solid curves) 
data for Cu transfer from wtAtoxl at approximately 1:1 (gray), 1:3 (blue), and 1:5 (black) 
Cu-to-protein ratios (i.e., 3.6, 9, and 15 pM protein) as a function of BCA concentration. 
Amplitude changes (left panel) and k0bS (right panel) as functions of BCA concentration 
are shown. The theoretical curves are based on a simultaneous global fit to all of the 
data according to the three-step mechanism. 
4.3.c Testing Atoxl variants and fishing out the optimum experimental conditions: The 
kinetic experiments were also conducted on MetlOAIa, ThrllAla, and Lys60Ala/Tyr 
Atoxl variants to examine the role of conserved residues in dynamics of Cu 
displacement from the protein. These experimental conditions (same as used for 
wtAtoxl) had roughly 150-fold excess DTT compared to Cu-protein concentration. 
Under these conditions, an additional slow phase in the kinetic BCA traces (giving rise to 
bi-exponential kinetics) was observed for MetlOAIa and Lys60Ala/Tyr Atoxl. The rates 
of the slow phase of the mutant Atoxl kinetics were similar to rates of Cu uptake from 
solution ("free" Cu) by BCA (Figure 50) and were therefore assigned to pre-dissociated 
Cu in the protein experiments. 
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Figure 50: Slow phase of Cu 
dissociation from MetlOAIaAtoxl. k0bS 
as function of BCA concentration for 
"free"-Cu in solution and for Cu-
MetlOAIa Atoxl. Kinetic traces for Cu-
MetlOAIa Atoxl were fitted to a bi-
exponential and only slow phase rates 
are presented here. Conditions were 
3.3 pM Cu - 3.6 pM apo-protein in 
buffer containing 20 mM Tris-HCI, pH 
7.5, 150 mM NaCI, and 500 pM DTT at 
20 °C. 
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Thus, at this excess of DTT and absolute protein concentration, only wild-type and 
ThrllAla Atoxl could retain Cu to 100% (prior to BCA addition), whereas the other three 
Atoxl variants lost some Cu to DTT (30-70%) (Figure 51). In the global fitting of 
combined equilibrium and kinetic data, the total amplitude change (slow phase + fast 
phase) was included in the equilibrium data but only the fast phase of the kinetics. To 
ensure there is no obscurity in the calculated parameters, experimental conditions with 
other Cu-protein:DTT ratios were tested to determine the optimum ratio that would 
prevent partial Cu(l) dissociation in the holo-proteins while sustaining a reducing 
environment to prevent oxidation. 
Since MetlOAIa Atoxl had the highest percentage of amplitude in the slow 
phase, which is indicative of dissociated Cu picked up by DTT, this mutant retains the 
least amount of Cu in presence of excess DTT. Thus, experiments with different ratios of 
Cu-protein:DTT tested MetlOAIa for optimum experimental conditions. MetlOAIa can 
retain Cu in presence of 10-fold excess DTT based on the observation that kinetic traces 
conducted with 10-fold excess DTT did not yield biphasic reactions. Therefore, the 
9 7 
following optimized experimental conditions were used to investigate chelator-induced 
Cu dissociation kinetics of all Atoxl variants and Wilson metal-binding domains. Initial 
Cu-protein concentrations were 50 pM Cu - 54 pM apo-protein in presence of 500 pM 
DTT. Reactant concentrations following 1: 6 mixing with BCA solution were 8.3 pM Cu -
9 pM apo-protein in presence of 83 pM DTT. 
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Figure 51: Change in amplitude of Atoxl 
variants based on bi-exponential fits to 
BCA-induced Cu dissociation from proteins. 
Percent amplitude change from slow (filled 
circles) and fast (open circles) phases of bi-
exponential fits to the experimental data 
for MetlOAIa, Lys60Ala, and Lys60Tyr 
Atoxl. Conditions were 3.3 pM Cu - 3.6 pM 
apo-protein in buffer containing 20 mM 
Tris-HCI, pH 7.5, 150 mM NaCI, and 500 pM 
DTT at 20 °C. 
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4.3.d Testing all proteins under new experimental conditions: All Atoxl variants and 
Wilson domains showed similar equilibrium (sigmoidal) and kinetic (parabolic) trends 
Figure 52: BCA-induced Cu dissociation from Atoxl variants. Experimental (open circles) 
and theoretical (solid curves) data for Cu transfer from wt (blue), MetlOAIa (green), 
ThrllAla (orange), Lys60Ala (cyan), and Lys60Tyr (purple) Atoxl to BCA. Amplitude 
changes (top) and k0bS (bottom) as function of BCA concentration are shown. The fits are 
based on the three-step mechanism. Conditions were 8.3 pM Cu - 9 pM apo-protein in 
buffer containing 20 mM Tris-HCI, pH 7.5,150 mM NaCI, and 83 pM DTT at 20 °C. 
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Figure 53: BCA-induced Cu dissociation from wtAtoxl, W2, and W4. Experimental (open 
circles) and theoretical (solid curves) data for Cu transfer from wtAtoxl (blue), wtW2 
(red), and wtW4 (gray) to BCA based on the three-step mechanism. Amplitude changes 
(top) and /fobs (bottom) as function of [BCA] are shown. Conditions were 8.3 pM Cu - 9 
pM apo-protein, 20 mM Tris-HCI, pH 7.5,150 mM NaCI, and 83 pM DTT at 20 °C. 
All proteins exhibited monophasic kinetic traces, reflecting the absence of Cu 
dissociation due to DTT. As seen in Figure 52, both the speed and extent of Cu transfer 
at high [BCA] are higher for all Atoxl point mutants compared to wtAtoxl. Interestingly, 
1 0 0 
both Wilson domains exhibit significantly slower Cu transfer at high [BCA] compared to 
wtAtoxl (Figure 53). 
4.4 Divergence from initial hypothesis 
4.4.a Is a 2-step mechanism sufficient for physical interpretation of the results? The 
parabolic nature of kobs on [BCA] was in disagreement with the initial hypothesis of Cu 
dissociation from protein and subsequent binding to chelator. This initial mechanism 
predicted that kobs would reach a limit at high [BCA]. The hypothesis predicted the rate 
of Cu dissociation from the protein to become the rate limiting step and be independent 
of [BCA]. However, experimental data showed linear dependence of rate on [BCA] at 
high chelator concentrations. Thus, we proposed a new mechanism that involved the 
transient formation of a ternary complex of Prot-Cu-BCA, where the protein is 
subsequently displaced by a second BCA molecule to generate the optically active bis-
BCA-Cu complex: 
V k l k 2 
PX + L . PXL + L • P + LXL 
k-1 k-2 
where P = protein, L = chelator, and X = Cu+. 
This two-step mechanism involves formation of a ternary protein-Cu-chelator 
(PXL) complex followed by concerted displacement of the protein and binding of the 
second chelator molecule. This mechanism involves a quaternary transition state, LPXL, 
prior to formation of the final Cu-BCA2 (LXL) complex. However, there is a lack of 
precedence for a Cu(l) transition state involving such high (5 or 6) order ligand 
coordination. However, good theoretical fits to the observed data were obtained using 
this 2-step mechanism (Figure 24). 
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4.4.b Expanding the 2-step mechanism into a 3-step mechanism: We expanded on the 
two-step mechanism to develop the following 3-step scheme which resulted in 
theoretical fits with closer alignment to the observed data: 
L P 
kl V k2 k3 X 
PX + L , " PX L > c - P + X L + L - p ^ LXL 
k_l "<-2 k-3 
where P = protein, L = chelator, and X = Cu+. 
Step 1 involves binding of a single BCA (L) molecule to the holo-protein (PX), 
leading to formation of the ternary Prot-Cu-BCA (PXL) complex which facilitates protein 
dissociation in step 2 to form the mono-BCA-Cu complex (XL). This step is followed by 
binding of a second BCA molecule to the mono-BCA-Cu complex to form the bis-BCA-Cu 
(LXL) complex which absorbs at 565 nm. To explain the equilibrium and kinetic trends, 
analytical expressions were derived for the equilibrium fraction of Cu-BCA2 (YUL) and the 
pseudo first order rate constant, k0bS, based on steady state assumption for the PXL and 
XL intermediates in the 3-step mechanism: 
y _ K 1K 2K 3 [L\ 2 
LXL ~ [P]+K1[L][P] + K1K2[L] + K1K2K3[L]2 
k_3k.2{k_ 3 + k_±)[P] + k^k-M + / c 1 f c _ 2 / c _ 3 [ L ] [ P ] + k^k^L]2 
kobs fc_2(fc_3 + k.^P] + /c_3(/c_1 + k2) + k3{k^ + k2)[L] 
The dependence on square of [BCA] (i.e., [L]2) results in the sigmoidal 
equilibrium curve and parabolic nature of the observed rates of transfer on [BCA]. Based 
on the derived kinetic expression, when [BCA] 0 ([L] -» 0, y-intercept), the observed 
rate reduces to k.3 which is the rate of dissociation of the Cu-BCA2 complex and is 
independent of both the nature of the protein and its concentration, that is confirmed 
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by the data in Figures 49, 52, and 53. At high [BCA], the k0bS expression reduces to the 
following expression: 
k^k^L]2 hkzjL] 
Kobs ~ + h)[L] ~ (k_, + k2) 
The above expression defines the slope of kobs at high [BCA] and is independent 
of the apo-protein concentration but dependent on the protein variant examined. The 
solid lines in Figures 49, 52, and 53 are theoretical curves obtained from global fitting of 
the equilibrium and kinetic data for three different apo-wtAtoxl concentrations (Figure 
49) or all Atoxl variants (Figure 52) and Wilson MBDs (Figure 53) at a constant apo-
protein concentration. The fitted parameters are reported in Table 9. The parameters 
for step 3 were defined as the same values for all proteins as step 3 involves only the 
binding and dissociation of the second BCA molecule to/from the Cu-BCA complex. 
Table 9: Summary of equilibrium and kinetic parameters obtained from global fitting of 
amplitude and rate data for each protein by using the equations derived for the 3-step 
mechanism. 
Protein Atoxl Wilson MBDs 
Variant Wild-type MetlOAIa ThrllAla Lys60Ala Lys60Tyr W2 W4 
Ki (KIIVR1) 1.5 x 10 s 2.8 x 10"6 5.3 x 10"4 6.9 x 10"6 2.4 x 10"6 3.8 x 10"7 1.1 x 10"6 
K2 (|IM) 5.3 x 10"3 3.6 x 10"1 8.6 x 10"4 4.7 x 10"2 2.4 x 10"1 2.1 x 10 11 4.6 x 10"2 
K3(HM"J) 1.7 1.7 1.7 1.7 1.7 1.7 1.7 
M U M V 1 ) 3.7 x 10~4 1.1 x 10"4 2.3 x 10"3 2.8 x 10"4 4.5 x 10"5 9.1 x 10"6 1.3 x 10"5 
k-i (s1) 24 40 4.4 4 0 19 24 12 
Ms"1) 1.05 36 .05 8.7 4 1 126 28 
M u M V 1 ) 2.0 x 102 1.0 x 102 6.2 x 10 1 1.8 x 102 1.7 x 102 6.0 x 10 2 6.0 x 10 2 
K A L N M V 1 ) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
k-3 (s"1) 0.89 0.89 0.89 0.89 0.89 0.89 0.89 
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4.5 Discussion 
This analysis of chelator-mediated Cu dissociation from proteins is a step 
towards understanding how this group of proteins modulates transfer of Cu to potential 
partners, with emphasis on the role of conserved residues in and around the metal site 
in the transfer mechanism. Regardless of the nature of protein, BCA binding to the 
mono-BCA-Cu complex is much faster than to Cu-Atoxl (k3 vs. kj, and the equilibrium 
constants for binding of BCA to protein (Ki) vs mono-BCA-Cu (K3) complex show a similar 
magnitude of difference. Although all Atoxl point mutants have lower affinity for Cu 
than wtAtoxl, the effect of each mutation is manifested in a unique manner in the Cu-
transfer mechanism from holo-protein to the chelator. The MetlOAIa mutation 
significantly increases the rate (k2) and extent of Atoxl dissociation (K2) from the Atoxl-
Cu-BCA ternary complex; the extent of formation of the ternary complex (Ka) is a 
magnitude lower than that seen in wtAtoxl. MetlO is essential for protein rigidity and 
for proper positioning of the Cys for Cu uptake (Poger et al., 2005); thus, substitution of 
an Ala disrupts proper packing of the protein core, facilitating displacement of mono-
BCA-Cu complex from the protein. The added flexibility may also explain the low extent 
of formation of the ternary protein-Cu-BCA complex, as docking of the first BCA 
molecule may be hindered. 
Though the role of the highly conserved Thr l l is unclear in eukaryotic 
chaperones, a residue capable of hydrogen bonding is always found in this position in 
the prokaryotic chaperones (Ser or Asn). Based on MD simulations, substitution of an 
Ala in this position greatly rigidifies the Cu loop (Rodriguez-Granillo and Wittung-
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Stafshede, 2009). This effect may explain the faster rate (k^ and higher extent (Ki) of 
the first BCA molecule to bind to the holo-protein, as docking of a third ligand is 
facilitated by reduction in dynamics of the Cu-loop. Although dissociation of ThrllAla 
from the ternary complex is significantly slow (k2) compared to wtAtoxI, this decreased 
rate is also offset by the slower rates of reverse reactions (both k.i and k.2) in this 
mutant, which eventually leads to transfer of Cu from the protein to the chelator. MD 
simulations also show disruption of the hydrogen bonding network around the Cu site in 
ThrllAla Atoxl (Rodriguez-Granillo and Wittung-Stafshede, 2009). These data show that 
Ala cannot hydrogen bond with Cysl2 or Lys60 as in wild-type protein (Rodriguez-
Granillo and Wittung-Stafshede, 2009), leading to instability of the holo-state in the 
mutant. These subtleties in the bonding network give rise to slightly lower affinity of the 
ThrllAla mutant for Cu compared to wtAtoxI, but still higher than the affinity of Cu in 
the other mutants. 
Chelator-induced Cu-dissociation mechanism of two Lys60 variants was probed 
to decipher how chemically different residues (Ala versus Tyr) modulate overall 
parameters of the Cu-dissociation event. Lys60 has been proposed to stabilize the Cu-
bound state of Atoxl via electrostatic and hydrogen bond interactions (Arnesano et al., 
2002). Replacement of Lys60 with an Ala residue generates an unstable holo-form as 
both electrostatic and hydrogen bond interactions are abolished, resulting in a more 
flexible Cu-binding loop. Thus, docking of BCA to Cu-protein is lower in magnitude (KI) 
compared to wtAtoxI; however, the extent (K2) and rate (k2) of protein dissociation 
from the ternary complex is facilitated due to absence of stabilizing interactions. 
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Substitution of a Tyr in place of Lys60 reduces rate of initial binding of the chelator to 
the Cu-protein (/ci) but significantly increases the extent (K2) and speed (k2) of protein 
dissociation from the prot-Cu-BCA complex. The presence of an aromatic ring near the 
Cu binding site may cause steric hindrance so that binding of the first BCA molecule to 
the holo-protein is both slow (k^ and reduced (Ki) in magnitude compared to wtAtoxl. 
The parameters for chelator-mediated Cu dissociation determined for both 
Wilson MBDs set the domains vastly apart from Atoxl. Both domains show significantly 
lower rates for overall Cu transfer to BCA compared to wtAtoxl. The initial docking of 
BCA with holo-W2 is slow (/fi), but this low rate is offset by the dissociation of the 
protein from the ternary complex (k2). On the other hand, the docking of BCA with holo-
W4 is faster (ki), but the dissociation of the protein from the ternary complex is four 
times slower than it is for W2. Of interest, step 1 is slower in both W2 and W4 compared 
to Atoxl. This slower rate may be due to steric hindrance in the Cu-binding loop of the 
Wilson metal-binding domains. In the metal binding loop sequence, MetXCysXXCys, the 
two residues in between the two Cys residues are Gly in Atoxl, whereas these positions 
are occupied by residues with longer side chains (Gin/Ala and Ser) in W2 and W4. 
This investigation constitutes the first serious attempt to assess the kinetics of 
Cu release from Cu chaperones and metal-binding domains of the Cu-ATPases. The 
formation of a ternary complex between holo-protein and BCA is likely mimicked by Cu 
chaperones and the target Cu-ATPase domains during Cu transfer. The first metal-
binding Cys in the MetXCysXXCys motif exhibits greater mobility than the second Cys in 
all Cu-ATPase domains that have been structurally characterized to date (Banci et al., 
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2006a; Banci et al., 2008a; Banci et al., 2002a; Banci et al., 2001). Thus, this thiol may 
initiate the Cu transfer event by attacking the metal in the Cu chaperone to form a 
transient ternary complex. Based on EXAFS measurements, Cu-Atoxl forms 3-
coordinate adducts with exogenous ligands such as glutathione and phosphines (Ralle et 
al., 2003). NMR studies on Cu(l) glutathione complexes show facile exchange of the 
metal between thiol ligands via a 3-coordinate intermediate (Cheng, 1998). 
Furthermore, Cu-dependent transient interactions have been observed by NMR 
between Atoxl and some of the Wilson metal-binding domains, as well as the yeast 
protein, Atxl and Ccc2 (Banci et al., 2006b; Banci et al., 2008a). 
The slow rate of Cu uptake (from DTT containing solution) by BCA suggests that 
Cu chaperones, in addition to preventing transfer of the metal to promiscuous 
receptors, make the metal kinetically available to target proteins in vivo. Small molecule 
copper chelators such as glutathione are present at millimolar concentrations in 
eukaryotic cells and tend to sequester free Cu (Davis and O'Halloran, 2008; Meister, 
1988), impeding rapid transport of the metal to the proper targets. Thus, to bypass the 
overcapacity of Cu chelation in vivo, Cu chaperones and their target domains have 
evolved to sequester the metal and exchange it through formation of transient 
complexes to ensure both rapid and specific transfer of metal. 
1 0 7 
Chapter 5: 
Copper-Mediated Atoxl Interaction with W4 
5.1 Necessity of chaperone-mediated copper delivery 
The redox potential for Cu++/Cu+ (E = 159 mV (Bard et al., 1985)) renders it active 
for catalysis of free radical formation and subsequent damage of biomolecules (Huffman 
and O'Halloran, 2001). Consequently, the cytoplasm of prokaryotic and eukaryotic cells 
exhibits an overcapacity for Cu chelation. The intracellular "free" Cu concentration in 
yeast cells is reported to be approximately 10 18 M which translates to less than one 
atom per cell (Rae et al., 1999). The bioavailability of copper is regulated by a group of 
soluble metallochaperones (Atoxl in humans) that bind, transport, and deliver Cu to 
specific partner proteins (e.g., Wilson and Menkes disease proteins in humans) for 
subsequent incorporation into cuproenzymes. Thus, copper chaperones exist to prevent 
Cu+ oxidation-induced damage and to overcome the slow uptake of Cu from small 
molecule thiol complexes (as demonstrated in Chapter 4). 
5.2 Current understanding of Atoxl mediated copper transfer 
The surface-exposed metal-binding motif, MetXCysXXCys, is evolutionarily 
conserved in both the Cu chaperones and target metal-binding domains of Cu-ATPases 
in all organisms. The crystal structure of Atoxl shows a Cu-bridged homo-dimer with a 3 
coordinate metal ligation (Wernimont et al., 2000). However, in solution, Atoxl 
coordinates the metal in a linear fashion via the two Cys residues in the metal-binding 
motif (Ralle et al., 2003). The yeast and bacterial homologs, Atxl and CopZ, respectively, 
exhibit a distorted trigonal geometry of Cu coordination where an exogenous thiol 
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serves as the third ligand (Banci et al., 2003b; Banci et al., 2001; Pufahl et al., 1997; Ralle 
et al., 2003). The ability to form 2 and 3 coordinate ligand environment has given 
support to the following proposed copper transfer mechanism between the metal-
binding motif of the chaperone and its target domains (Ralle et al., 2003). The first Cys in 
the MetXCysXXCys motif of metal-binding domains of Cu-ATPases is always solvent-
exposed and is proposed to serve as a nucleophile in forming a bond with the metal ion 
of the chaperone to form a transient chaperone-partner intermediate which eventually 
resolves into the metal ion being transferred from the chaperone to the target domain 
(Arnesano et al., 2001a; Banci et al., 2002b; Wernimont et al., 2000), as supported by 
our BCA results. 
To date, the interaction between Atoxl and Wilson disease protein target metal-
binding domains as well as inter-domain interactions, have been characterized by 
several methods (Table 10) (Achila et al., 2006; Banci et al., 2009b; Banci et al., 2008a; 
Bunce et al., 2006; Hamza et al., 1999; Larin et al., 1999; van Dongen et al., 2004; 
Walker et al., 2004; Walker et al., 2002; Yatsunyk and Rosenzweig, 2007). 
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Table 10: Results to date for interaction of Atoxl with metal-binding domains of Wilson 
disease protein and inter-domain interactions. 
Method Bait Prey 
Procedure and 
Conclusion 
Chromatography GST-holoAtoxl 
full length W N D 
cDNA 
COS7 cell lysate expressing prey passed over 
glutathione column with bait; prey retained 
on column (Hamza et al., 1999) 
Yeast two-hybrid 
Atoxl gene fused to 
GAL4 
W16 gene fused to 
GAL4 DNA-binding 
domain 
Increase in 3-galactosidase activity when 
bait and prey co-expressed in cells 
(Larin et al., 1999) 
Yeast two-hybrid 
Atoxl mutant gene 
fused to GAL4 : 
MetlOAIa 
Thrl lAla 
Lys56Gly 
Lys 57Gly 
Lys60Gly 
W16 gene fused to 
GAL4 DNA-binding 
domain 
All Atoxl mutants give p-galactosidase 
activity similar to wtAtoxl (Larin et al., 
1999) 
Yeast two-hybrid 
Atoxl gene fused to 
GAL4 
W56 gene fused to 
GAL4 DNA-binding 
domain 
No (3-galactosidase activity 
when bait and prey co-expressed in cells 
(Larin et al., 1999) 
Yeast two-hybrid 
Atoxl gene fused to 
GAL4 
W14 gene fused to 
GAL4 DNA-binding 
domain 
3-galactosidase activity higher than that 
when W16 was used as prey (Larin et al., 
1999) 
Yeast two-hybrid 
Cysl2Tyr or 
Cysl5Tyr mutant 
Atoxl gene 
W16 gene fused to 
GAL4 DNA-binding 
domain 
p-galactosidase activity absent when bait 
and prey co-expressed in cells (Larin et al., 
1999) 
Chromatography 
apo-W16 maltose-
binding protein 
fusion construct 
30-40 fold excess 
Cu-Atoxl 
6 copper atoms detected in the bait in 
elution fractions (Walker et al., 2002) 
Yeast two-hybrid 
Single domain 
genes of Wilson 
metal-binding 
domains fused with 
GAL4 activation 
domain: W l , W2, 
W3, W4, W5, W6 
atoxl gene fused 
to GAL4 DNA 
binding domain 
Activation of HIS3 reporter gene on His 
depleted plates seen only when baits W l , 
W2, and W4 co-expressed with prey 
plasmids; interaction seen when baits and 
prey reversed for W2 and W4 but not for 
W l (van Dongen et al., 2004) 
Yeast two-hybrid 
W l , W2, W3, W4, 
W5, W6 fused to 
GAL4 activation 
domain 
W1-W6 
individually fused 
to GAL4 DNA 
binding domain 
No growth on His depleted plates when bait 
and prey plasmids co-expressed in cells; no 
interaction between individual Wilson 
disease protein metal-binding domains (van 
Dongen et al., 2004) 
Chromatography & 
fluorescent-dye 
labeling of metal-
binding Cys 
W16 maltose 
binding fusion 
protein 
Cu-Atoxl 
Cu-Atoxl selectively delivered copper to W2 
in the full 6 domain construct 
(Walker etal., 2004) 
Chromatography & 
fluorescent-dye 
labeling of metal-
binding Cys 
W16 maltose 
binding fusion 
protein with 
mutation of 
CysXXCys of W2 to 
AlaXXAIa 
Cu-Atoxl 
Transfer of Cu to W16 completely abolished 
when metal binding Cys of W2 were 
mutated to Ala (Walker et al., 2004) 
NMR Cu-Atoxl W56 
No Cu transfer or adduct formation based 
on NMR chemical shifts (Achila et al., 2006) 
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NMR Cu-Atoxl W4 
Based on chemical shifts, interaction 
between bait and prey (Achila et al., 2006) 
NMR Cu-Atoxl W2 
Based on chemical shifts, interaction 
between bait and prey but lower than that 
seen between W 4 and Atoxl (Achila et al., 
2006) 
NMR Cu-W4 W56 
Cu transfer first to W6 then to W5 in the 
two domain construct (Achila et al., 2006) 
Ion-exchange 
chromatography 
Cu-W4 W 1 
Cu transferred between the two domains 
regardless of which domain serves as bait or 
prey (Bunce et al., 2006) 
Gel filtration 
chromatography 
Cu-Atoxl 
wtW16 and 
mutants with 
metal binding Cys 
of 5 of the 6 
domains mutated 
to Ala (CxxC to 
AxxA) 
Cu-Atoxl could transfer Cu to each domain 
in both wt and mutant Wilson disease 
protein (Yatsunyk and Rosenzweig, 2007) 
NMR Cu-Atoxl W34 
Atoxl forms detectable amounts of hetero-
complex with W4 but not W3; Cu still 
transferred to W 3 
(Banci et al., 2008a) 
NMR Cu-Atoxl W16 
Atoxl can transfer Cu to all six domains and 
forms detectable amounts of hetero-
complex with W l , W2, and W4 (Banci et al., 
2009b) 
NMR CuAtoxl 
W16 with AxxA 
mutation in W l , 
W2, and W4 
Atoxl can directly transfer Cu to W3, W5, 
and W6, though hetero-complex formation 
is not detected; inter-domain Cu transfer is 
not necessary for W3, W5, and W6 to be 
metallated (Banci et al., 2009b) 
I l l 
The in vitro Cu binding affinities of MBD constructs of WND were elucidated by 
isothermal titration calorimetry (ITC) (Wernimont et al., 2004) and competition assays 
(Yatsunyk and Rosenzweig, 2007). Copper binding to variable metal binding domain 
constructs (2 domains fused together, 4 domains fused together, and 6 domains fused 
together) of WND by ITC indicate hierarchy of binding affinities dependent on number 
of metal-binding domains present; however, association constants for various 
combinations of the domains range from ~105 to 106 M 1 (Wernimont et al., 2004). The 
copper binding affinity for the 6 domain construct (W16) with all but one CXXC motif 
modified to SXXS was reported to be 1010 M 1 (Yatsunyk and Rosenzweig, 2007). Direct 
CuCI titrations into Atoxl by ITC revealed copper binding association constant of 105 
M"1, but it has been reported as 1010 M 1 based on competition experiments with 
BCA/Cu(l) complex (Wernimont et al., 2004; Yatsunyk and Rosenzweig, 2007). This 
discrepancy in copper binding affinities of WND metal-binding domains and Atoxl might 
be a result of variation in domain constructs, detection probes, and the copper 
complexes utilized in the experiments. 
Since the affinity of Atoxl and target Wilson MBDs for Cu is essentially the same, 
there is minimal thermodynamic force for Cu transfer (Wernimont et al., 2004; Yatsunyk 
and Rosenzweig, 2007). Instead, Cu transfer may be governed by specific protein-
protein interactions mediated by both charged and non-charged residues on the surface 
of Atoxl and target Wilson MBDs (Arnesano et al., 2001a; Arnesano et al., 2002; 
Portnoy et al., 1999), as seen in the Cu-bridged adduct of Atoxl and first metal-binding 
domain of Menkes disease protein (MNK1) (Banci et al., 2009a) (Figure 54) and yeast 
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Atxl and its target Ccc2 metal-binding domain (Ccc2a) (Banci et al., 2006b) (Figure 55). 
Since the isoelectric points of the MBD of WND range from 3.8 to 8.7, Atoxl interaction 
with the metal binding domains of WND may be dependent on surface charges 
(Huffman and O'Halloran, 2001). 
Several conserved lysine residues in Atxl and Atoxl form a positive patch on the 
protein surface that are proposed to interact with complementary charges on the target 
domains (Arnesano et al., 2002; Portnoy et al., 1999). Yeast two hybrid assays and NMR 
spectroscopy indicate that Atoxl interaction with W4 is stronger than the interaction 
with W2 (Achila et al., 2006; Banci et al., 2008a; Larin et al., 1999). At 1:1 Cu-Atoxl:apo-
W4, roughly 60% of the proteins form an adduct which is in fast exchange with 
individual proteins in solution, whereas only 22% of the proteins form an adduct with 
1.5:1 Cu-Atoxl:apo-W2 (Achila et al., 2006; Banci et al., 2008a). In contrast, cysteine 
labeling experiments have indicated that Cu-Atoxl preferentially delivers Cu to W2 
when in a six domain construct (Walker et al., 2004). The precise mechanism of Cu 
transfer still remains unclear due to discrepancy in the published results, possibly arising 
from differences in experimental setup. However, since preferential interaction of Atoxl 
with W4 has been established, we probed the role of conserved residues in Atoxl in 
modulating adduct formation and Cu transfer to W4. 
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Figure 54: Solution structure of Atoxl-Cu-MNKl adduct. NMR structure of Cu-bridged 
adduct between Atoxl and MNK1 (pdb 2klr (Banci et al., 2009a)). Metal binding Cys are 
highlighted in purple. Sulfur, nitrogen, and oxygen atoms are highlighted as yellow, 
cyan, and red spheres. Cu is shown as a brown sphere. A few of the residues involved in 
protein-protein interactions are shown. Letters A and B preceding the 3-letter amino 
acid code denote the chain the residue belongs to. 
Figure 55: Solution structure of Atxl-Cu-Ccc2a adduct. NMR structure of Cu-bridged 
adduct between AtxI and Ccc2a (pdb 2ggp (Banci et al., 2006b)). Metal binding Cys are 
highlighted in purple. Sulfur, nitrogen, and oxygen atoms are highlighted as yellow, 
cyan, and red spheres. Cu is shown as a brown sphere. A few of the residues involved in 
protein-protein interactions are shown. Letters A and B preceding the 3-letter amino 
acid code denote the chain the residue belongs to. 
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5.3 Results 
5.3.a Copper-mediated hetero-complex formation between Atoxl and W4: Copper 
binding to wtAtoxl and wtW4 individually was followed by spectral changes in the near-
UV CD region (Figure 30). Although aromatic residues contribute to the near-UV CD 
region, in Atoxl and W4, this region (250-320 nm) is mainly dominated by ligand-to-
metal charge transfer arising from CysS-Cu bonds, as observed in the metal environment 
of metallothioneins which also bind Cu via Cys thiols (Pountney et al., 1994; Stillman et 
al., 1994). The distinct spectral changes upon copper addition in apo-proteins were used 
to generate theoretical signals for 0% and 100% transfer of Cu from Atoxl to W4. The 
theoretical spectrum of 0% transfer was generated by adding the spectra of Cu-Atoxl 
and apo-W4; the theoretical spectrum of 100% transfer was generated by adding the 
spectra of apo-Atoxl and Cu-W4. When apo-wtAtoxl was mixed with apo-wtW4, the 
spectrum overlapped with theoretical spectrum of the two apo-proteins added 
together, indicating absence of protein-protein interactions (Figure 56). 
260 280 300 320 340 
Wavelength (nm) 
360 380 
Figure 56: Near-UV CD of mixture of 
wtAtoxl and wtW4. Near-UV CD of 
mixture of 50 pM of apo-forms of 
wtAtoxl and wtW4 proteins 
(experimental signal, red; expected 
signal based on combination of 
spectra of individual proteins, 
green), and upon addition of 1 
equivalent of Cu to this mixture of 
apo-proteins (gray). For comparison, 
the spectrum collected for 50 pM 
holoAtoxl mixed with apoW4 (cyan) 
is also shown. Conditions were 20 
mM Tris-HCI, pH 7.5, 150 mM NaCI, 
and 500 pM DTT at 20 °C. 
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Mixing of Cu-Atoxl with apo-W4 generated a near-UV CD spectrum 
characterized by positive and negative maxima at 295 nm and 265 nm, respectively; the 
distinct spectral changes did not match 0 or 100% theoretical Cu transfer spectra (Figure 
57). Furthermore, addition of Cu to a pre-incubated mixture of apo-Atoxl and apo-W4, 
as well as incubation of Cu-W4 with apo-Atoxl (reverse Cu transfer) generated the same 
spectra as noted above (Figure 56). This result suggested hetero-complex formation 
with a distinct Cu site containing more than 2 Cys ligands. 
Figure 57: Near-UV CD of wtAtoxI and wtW4 hetero-complex. Near-UV CD of Cu-
wtAtoxl (initial 100 pM) mixed with apo-wtW4 (initial 100 pM) in 1:1 ratio (blue curve); 
expected curves for 0 (dashed line) and 100% (black solid line) Cu transfer based on 
combinations of CD spectra for individual apo/holo proteins is also shown. Conditions 
were 20 mM Tris-HCI, pH 7.5,150 mM NaCI, and 500 pM DTT at 20 °C. 
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The presence of a stable Cu-bridged hetero-complex was evident in gel filtration 
chromatography. Mixture of Cu-Atoxl and apo-W4 loaded onto a Superdex® peptide 
column resolved a fraction of the mixture eluting as a complex with a peak distinct from 
that of individual proteins (Figure 58). Cu was quantified in the elution fractions 
corresponding to the hetero-complex as well as individual W4 by ICP-MS (Columbia 
Analytical Services). 
Elution Volume (ml) 
Figure 58: Gel filtration chromatogram of hetero-complex. Gel filtration chromatogram 
for 500 pM holo-wtAtoxl mixed with 500 pM apo-wtW4 in 1:1 ratio prior to injection in 
the sample loop; the different species (based on SDS/PAGE) and amount of Cu 
(quantified by ICP-MS) are indicated. 
Mixing only apo-proteins did not result in complex formation (Figure 59). The 
possibility of self-dimerization of holo-proteins was ruled out, as a peak for a homo-
dimer complex was not detected by molecular sieve chromatography in runs comprising 
individual holo-proteins (Figure 59). 
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Figure. 59: Gel filtration 
chromatograms of 250 pM holo-
wtW4 (gray) or holo-wtAtoxl (blue) 
loaded individually on the column, 
indicating that each holo-protein 
alone elutes as a monomer at our 
conditions and retains Cu (the 
hetero-complex found in hetero-
protein mixtures with Cu was 
detected at an elution volume near 
3.7 ml). Cu concentration was 
determined by ICP-MS in peak 
fractions and is indicated together 
with protein concentrations based 
on absorbance at 280 nm (only 
rough estimates as absorabnce 
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determination for concentration of protein containing only Tyr is not very reliable). Also 
shown is the gel-filtration trace for a mixture of equimolar concentrations (250 pM post 
mixing) of apo-wtAtoxl and apo-wtW4 (dashed black), demonstrating that there is no 
complex formed between the proteins in absence of Cu. 
5.3.b Role of conserved residues in Atoxl in adduct formation with W4: The ability of 
Atoxl point-mutants to form complexes with W4 based on near-UV CD and gel filtration 
chromatography, in conjunction with ICP-MS, was also investigated. We generated 
point-mutants at positions sequentially and structurally proximal to the metal-binding 
site in Atoxl: MetlOAIa, ThrllAla, Lys60Ala, and Lys60Tyr. The ThrllAlaAtoxl-W4 
adduct had the highest [Cu] followed by WT and MetlOAlaAtoxl (in conjunction with 
the magnitude of circular dichroism peaks at 295 nm) (Figure 60). In contrast, no 
detectable complex was isolated between Atoxl variants at Lys60 and W4, and Cu was 
not detected in the fractions at elution volume corresponding to the hetero-complex in 
other Atoxl variants (Figure 60). However, there was a less pronounced character of the 
hetero-complex spectra in the CD traces for the K60 mutant samples. Since higher 
protein concentrations are used in the CD experiments as compared to those in the 
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eluted gel-filtration peaks, a small fraction of the hetero-complex may form at the CD 
condition that does not survive gel-filtration. The CD spectra are linear combinations of 
signals for many species (apo- and holo-forms of Atoxl/W4 and hetero-complex) 
present at different levels; thus, the CD data should only be qualitatively interpreted. 
The amount of Cu transferred to W4 was highest for wtAtoxI, followed by MetlOAIa, 
ThrllAla, and Lys60Tyr. Thus, substitution of Lys60 with Ala and Tyr weakened the 
hetero-complex and diminished transfer of Cu to W4. 
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Figure 60: Hetero-
complexes by near-
UV CD and gel 
filtration. Left Panel; 
Near-UV CD of Cu-
Atoxl variants 
(initial 100 pM) 
mixed with apo-W4 
(initial 100 pM) in 
1:1 ratio; expected 
curves for 0 (dashed 
line) and 100% 
(black solid line) Cu 
transfer based on 
combinations of CD 
spectra for 
individual apo/holo 
proteins are also 
shown. Right Panel; 
Gel filtration traces 
for each mixture 
(500 pM holo Atoxl 
mixed with 500 pM 
apo W4 in 1:1 ratio 
prior to injection) 
with the different 
species (based on 
SDS/PAGE) and 
amount of Cu 
(quantified by ICP-
MS) indicated. 
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5.4 A fluorescent probe to monitor kinetics of copper transfer between Atoxl and W4 
We previously reported on Cu-dependent fluorescence changes in Tyr emission 
in the Atoxl homolog, Bacillus subtilis CopZ (Hussain and Wittung-Stafshede, 2007) 
(Figures 32 and Figure 61). Atoxl and W4 do not have any Tyr residues within the 
vicinity of the Cu-binding site. Therefore, we engineered a Trp in W4 (W4Trp) in place of 
Phe63, which is about 4 A away from the Cu-binding site, to serve as a Cu-dependent 
fluorescence probe (Figure 61). Trp was selected over Tyr due to its higher fluorescence 
intensity and stronger sensitivity to environmental changes. 
Figure 61: Solution structures of CopZ and W4. NMR structure of apo-CopZ (cyan; pdb 
lp8g (Banci et al., 2003a)) and apo-W4 (gray; pdb 2rop (Banci et al., 2008a)) with metal-
binding Cys highlighted in purple and sulfur atoms shown in yellow; Tyr65 (in CopZ; 
brown stick) is about 7 A from the Cu-site, and Phe63 (in W4; pink stick) is about 4 A 
from the Cu-site. 
The Trp fluorescence in apo-W4Trp was partially quenched by Cys thiols (in the 
metal-binding loop) but increased upon Cu coordination by the protein (Figure 33). Such 
thiol quenching of tryptophan fluorescence has been previously reported (Weihong Qiu, 
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2008). Upon Cu addition, the thiols are displaced from their original position to interact 
with Cu, resulting in increased Trp emission in the holo-form of W4Trp. 
The engineered Trp in W4Trp was selectively excited at 295 nm to abolish the 
contribution of Tyr in W4Trp and Atoxl fluorescence (Figure 62). 
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Figure 62: Fluorescence spectra of 50 pM apo-wtAtoxl and 50 pM apo-W4Trp upon 
excitation at 280 nm (dashed) and 295 nm (solid). Buffer was 20 mM Tris-HCI, pH 7.5, 
150 mM NaCI, and 250 pM DTT at 20°C. 
We predicted transfer of Cu from Cu-Atoxl to apo-W4Trp to increase the overall 
emission; however, manual mixing experiments showed a decrease in overall emission 
indicating possible hetero-complex formation between the proteins instead of Cu 
transfer (Figure 63). 
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Figure 63: Fluorescence spectra of 
hetero-complex. Fluorescence spectra of 
Cu-wtAtoxl (initial 100 pM) mixed with 
apo-W4Trp (initial 100 pM) in a 1:1 ratio 
(black); theoretical curves for 0 (red) and 
100% (blue) Cu transfer based on spectra 
of individual proteins are also shown. 
Buffer was 20 mM Tris-HCI, pH 7.5, 150 
mM NaCI, and 500 pM DTT at 20°C. 
350 400 
Wavelength (nm) 
450 
The kinetic behavior of hetero-complex formation between Cu-Atoxl and apo-
W4Trp was measured via stopped-flow mixing. Initial experiments were conducted 
using an excitation wavelength of 295 nm (to selectively excite Trp and not Tyr) and a 
cut-off filter of 330 nm. Short time-scale kinetics showed a decrease in fluorescence 
intensity whereas longer time-scales showed a subsequent linear increase in 
fluorescence intensity (Figure 64). 
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Figure 64: Fluorescence spectra of Atoxl-W4Trp collected with a cut-off filter. 
Fluorescence spectra of Cu-wtAtoxl (initial 100 pM) mixed with apo-W4Trp (initial 100 
pM) in a 1:1 ratio in a stopped-flow mixer, with a 330 nm cut-off filter, monitored for 
short (left) and long timescales (right). Conditions were 20 mM Tris-HCI, pH 7.5,150 mM 
NaCI, and 500 pM DTT at 20°C. 
We initially assigned the linear increase as an artifact due to cut-off filter. 
Therefore, similar experiments were repeated by monitoring emission at a single 
wavelength, 335 nm. Despite the change to single wavelength emission, the linear 
increase in emission intensity remained (Figure 65). Mixing of Atoxl with W4Trp in 
various ratios did not abolish the artifact. We could not decipher the cause of the 
artifact, and further experiments with the W4Trp variant were not pursued. 
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Figure 65: Fluorescence spectra of Atoxl-W4Trp collected at a single wavelength. 
Fluorescence spectra of Cu-wtAtoxl (initial 100 pM) mixed with apo-W4Trp (initial 100 
pM) in a 1:1 ratio in a stopped-flow mixer monitored at 335 nm for short (left) and long 
timescales (right). Conditions were 20 mM Tris-HCI, pH 7.5, 150 mM NaCI, and 500 pM 
DTT at 20°C. 
It is interesting to note that of the 62 metal-binding domains of Cu-ATPases from 
12 eukaryotes analyzed (Arnesano et al., 2002), only domain 1 of Menkes disease 
protein (MNK1; human) and domain 2 of DmATP7 (fruit fly) have a native Trp, and 
neither one is sequentially or structurally in a position similar to Phe63 in W4. Our 
engineered Trp in place of a highly conserved Phe residue in W4 is likely situated in the 
Atoxl-W4 interaction interface, similar to Phe67 in MNK1 that forms part of the 
interaction interface with Atoxl (Figure 54). Substitution of an indole ring may have 
perturbed the interaction surface between Atoxl and W4, forming non-native 
interactions that yielded spectral artifacts. Alternatively, mixing of the two proteins in 
the stopped-flow mixer could have also caused the artifact, as no increase in 
fluorescence was seen upon mixing the two proteins manually during collection of 
equilibrium fluorescence traces regardless of the duration of incubation of the two 
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proteins. Although kinetics of Cu transfer mechanism could not be successfully pursued, 
our equilibrium studies provided novel insights into the role of conserved residues in the 
Cu transfer mechanism. 
5.5 Discussion 
Several studies to date have reported on preferential interaction and equilibrium 
Cu exchange constants between Atoxl and metal-binding domains 2 and 4 of Wilson 
disease protein with tagged proteins and multi-domain constructs using both 
biochemical and biophysical techniques (Banci et al., 2008a; Bunce et al., 2006; Larin et 
al., 1999; Walker et al., 2004; Walker et al., 2002; Yatsunyk and Rosenzweig, 2007). Our 
approach is unique as we have used purified proteins in absence of tags, which may 
introduce experimental artifacts, to isolate a stable hetero-complex between Atoxl and 
W4. We have also established near-UV CD as a new tool for detection of Cu-mediated 
complexes in this class of proteins to provide insights complementary to NMR and 
computations. 
Our mutational studies provide residue-specific insight into complex formation. 
MetlOAlaAtoxl shows the behavior closest to wtAtoxI, as the amount of Cu in the 
adduct and in W4 post transfer is fairly similar. This result is consistent with the distance 
of this residue from the interaction surface. Thr l l is proposed to form a hydrogen bond 
with one of the Cys in the target metal-binding domain during the Cu transfer event 
(Larin et al., 1999). Replacement of the Thr with the nonpolar Ala likely abrogates the 
ability to form a hydrogen bond with the metal-binding Cys in W4, greatly diminishing 
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the extent of Cu transfer to W4. This result occurs even though the two proteins are 
able to form a hetero-complex similar to wtAtoxI and W4. 
The Lys residue at position 60 (numbering based on Atoxl sequence) in 
eukaryotic chaperones is completely conserved. The side chain of Lys60 points toward 
the metal-site in the holo-form, shielding the metal from both solvent and incoming 
ligands, but moves away from the metal-site in the apo-form of Atoxl (Anastassopoulou 
et al., 2004). The structure of the adduct between Atoxl and metal-binding domain 1 of 
Menkes disease protein in presence of Cu was recently characterized by NMR (Banci et 
al., 2009a). In the adduct, the side chain of Lys60 (in Atoxl) makes room for the 
incoming MNK1 ligands by moving away from the Atoxl Cu-site. In the Atoxl-MNKl 
hetero-complex, Lys60 makes inter-protein contacts with Trp20 and Thr21 of MNK1 
(Figure 54). In our studies, substitution of Lys60 with Tyr/Ala likely disrupts favorable 
interactions with the incoming W4 moiety and thereby diminishes adduct formation. 
Furthermore, MD simulations of the interaction between Lys60 Atoxl variants 
and W4 were conducted by Agustina Rodriguez-Granillo (Hussain et al., 2009) and 
compared to the previously published results on wtAtoxI hetero-complex formation 
with W4 (Rodriguez-Granillo et al., 2009). The intermolecular side chain and backbone 
interactions are weakened in Lys60 Atoxl variants. The Lys60TyrAtoxl-Cu-W4 adduct is 
stable for 50 ns, whereas the Lys60AlaAtoxl-Cu-W4 adduct results in non-specific 
interactions after the first 20 ns (Hussain et al., 2009). Substitution of Lys60 with a 
hydrogen bond donor prevents cleavage of the hetero-complex, in contrast to 
substitution of an Ala which has a more detrimental effect on the hetero-complex. 
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These results are consistent with the lack of detectable amounts of adduct and the 
diminished amount of Cu transfer for Lys60 Atoxl variants. 
In conclusion, presence of Lys60 stabilizes the hetero-complex between Atoxl 
and W4 via essential electrostatic interactions. Such Atoxl Lys60-mediated electrostatic 
interactions have also been observed in the Atoxl-MNKl Cu-bridged adduct (Banci et 
al., 2009b). Furthermore, Atoxl shares a patch of fully conserved lysine residues with 
the yeast homolog, AtxI (Figure 66); in AtxI, these lysines are crucial for interaction 
with negatively charged residues on the surface of the metal binding domains of Ccc2 
(homolog of Wilson disease protein) evident in the Atxl-CCc2a adduct structure 
(Arnesano et al., 2004; Banci et al., 2006b; Portnoy et al., 1999) (Figure 55). Substitution 
of acidic residues in place of the lysines in AtxI abrogates interaction with Ccc2, 
whereas basic, neutral and hydrophobic residues are tolerated to a greater extent 
(Portnoy et al., 1999). The 3 negatively charged residues of the first metal binding 
domain of Ccc2 (Ccc2a) that form the interaction surface with AtxI are conserved in W4, 
whereas only 2 negative charges are present in W2 (Figure 66). This difference may 
explain the lower proportion of Atoxl adduct formation with W2 as compared to W4 
observed by NMR (Achila et al., 2006). 
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Although fine tuning of chaperone-target electrostatic complementarity is 
essential for transient complex formation leading to Cu transfer, a network of non-
charged residues is also crucial for transient inter-protein interactions as observed in the 
copper bridged adducts of Atoxl-MNKl and Atxl-Ccc2a (Figures 54 and 55). Natural 
selection has therefore precisely put in place a network of residues around the metal-
binding site of chaperones and target metal-binding domains to selectively optimize 
interactions between the donor-target pair. As observed in the Atoxl-MNKl complex, 
the interaction interface between the two proteins is small and occupied with residues 
atypical of an interaction interface such as Cys, Gly, Lys, and Thr in Atoxl (Banci et al., 
2009a). We conclude that residues structurally and sequentially proximal to the metal-
binding site dictate partner recognition and ligand exchange in the Cu transfer process. 
1 3 0 
Chapter 6: 
Conclusion 
6.1 Copper: From past to present 
Copper was established as essential for life in the early 20th century with the 
advent of iron-free milk diet which lacked both Fe (knowingly) and Cu (unknowingly) for 
inducing experimental anemia in cattle. Hemoglobin synthesis in the anemic cattle was 
not fully rescued by Fe supplements until Fe was mixed with liver extracts (which 
contain high levels of Cu) (Hart et al., 1925). Further investigations identified Cu as the 
crucial element besides Fe (Hart et al., 1927). The link between copper and iron was 
discovered to be a ferroxidase, ceruloplasmin, which has been shown to convert Fe++ to 
Fe+++ (Curzon and S., 1960; Holmberg and Laurell, 1947; Holmberg and Laurell, 1948). 
Increased dietary intake of Cu in Australian sheep decreased incidents of poorly 
textured wool (Bennetts and Chapman, 1937) caused by inadequate disulfide formation 
in keratin dependent on the cuproenzyme, polyphenol oxidase (Pond, 1989), and aortic 
rupture in cattle (Bennetts et al., 1942) caused by insufficient cross-linking of elastin 
that is dependent on lysine hydroxylation by the cuproenzyme, lysyl oxidase (O'Dell, 
1981). For the next half-century, interest was focused on the role of copper as a 
cofactor in numerous proteins and disorders related to malfunction of these proteins. 
The discovery of S. cerevisiae Atxl in 1994 (Dancis et al., 1994) shifted the focus to 
proteins involved in the intracellular Cu transport pathways and resulted in 
identification of the genetic basis of human disorders, Menkes disease and Wilson 
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disease, caused by defects in this transport pathway (Bull et al., 1993; Mercer et al., 
1993; Vulpe et al., 1993). 
6.2 Current interest in relation to malfunction of copper-trafficking pathway 
The human Atxl homolog, Atoxl, has been of particular interest, as it is the only 
chaperone known to deliver Cu to the metal-binding domains of Menkes and Wilson 
disease proteins (Wada and Kaplan, 2004). The desire to understand Menkes and Wilson 
diseases has led to a plethora of investigations regarding the mechanism of this 
interaction at the molecular level. Disease-causing mutations in the Wilson disease 
protein are spread throughout the 17 domains of the protein, composed of the 6 N-
terminal metal-binding domains, 8 trans-membrane segments, actuator domain, 
nucleotide-binding domain, phosphorylation domain, and the C-terminal tail (Wada and 
Kaplan, 2004). Thus, impact on multiple individual features of the protein functions, 
ranging from chaperone interaction, catalytic activity, to Cu-dependent trafficking (Golgi 
membrane to vesicles), can result in disrupted cellular and organismal function (Bull et 
alv 1993; Payne et al., 1998). 
A few of the mutations in WND obstructing the chaperone-ATPase interaction 
have been partially characterized to date (Hamza et al., 1999). Gly85Val (in the 1st 
metal-binding domain; Wl), Leu492Ser (in the 5th metal-binding domain; W5), and 
Gly591Asp (in the 6th metal-binding domain; W6) have been shown to disrupt the 
interaction between Atoxl and WND. Although glycines at position 85 and 591 are 
highly conserved amongst Cu-ATPases in all phyla, their particular role has not been 
characterized (Arnesano et al., 2002). On the other hand, Leu492 contributes to the 
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hydrophobic core of W5, and replacement with a polar residue may disrupt stability and 
folding (Hamza et al., 1999). Several residues in Atoxl are also evolutionary conserved 
even though they are not predicted to be directly involved in the interaction interface 
between the chaperone and cognate target domain. 
The metal binding motif, MetXiCysXXCys, as well as residues in close structural 
proximity of the Cu-site are highly conserved in all copper chaperones (Arnesano et al., 
2002). Interestingly, the same motif and overall ferredoxin-like structural fold is also 
present in the target metal-binding domains of the Cu-ATPases (Wada and Kaplan, 
2004). Position Xi particularly favors residues capable of hydrogen bonding, such as Thr 
(in Atoxl) and Ser/Asn/His (in prokaryotic chaperones) (Arnesano et al., 2002). 
Furthermore, Lys60 which is situated about 4 A from the Cu site in Atoxl is completely 
conserved in the eukaryotic Cu chaperones and occupied by a Tyr in all prokaryotic Cu 
chaperones. This position has a highly conserved aromatic residue (Tyr or Phe) in metal-
binding domains of prokaryotic and eukaryotic Cu-ATPases (Arnesano et al., 2002). 
6.3 Our Contribution 
Prior to the work reported in this thesis, no experimental studies had explored 
the role of the conserved residues around the metal site in contributing to protein 
stability, copper binding/release mechanism, or donor-acceptor interactions. Thus, this 
thesis provides novel insights and contributes to the expanding body of research on the 
Cu- trafficking pathway. Of great interest is development of the chelator-mediated Cu 
dissociation assay, which can be utilized to investigate Cu dissociation mechanisms in 
this family of proteins. Also, the work herein establishes near-UV CD as an essential tool 
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in studying donor-acceptor interactions that may complement other techniques such as 
NMR and computational methods. Our work provides residue-specific insight into the 
molecular mechanisms that dictate protein stability and copper transfer. 
Although bacterial CopZ and human Atoxl have low sequence identity, the 
overall structural fold amongst these copper chaperones is completely conserved 
(Anastassopoulou et al., 2004; Banci et al., 2001). However, variation in amino acid 
residues gives rise to significantly higher stability for Atoxl as compared to CopZ. A 
more robust protein fold may be required in eukaryotes to function in presence of 
competing chaperones. Furthermore, the metal-binding domains of Wilson disease 
protein vary in stability: W4 is significantly more stable than W2. We speculate 
differential stability of the individual metal-binding domains of WND to be of functional 
relevance, particularly with respect to interaction with the chaperone as well as the 
requisite inter-domain interactions necessary for translocation of Cu from the cytosol to 
the Golgi lumen. 
A subset of conserved residues in Atoxl contributes to overall protein stability. 
Replacement of MetlO with Ala significantly diminishes protein stability due to 
disruption of the hydrophobic core of the protein. MetlO is completely buried in the 
hydrophobic core of Atoxl, whereas this residue is solvent exposed in its bacterial 
counterpart, CopZ (Anastassopoulou et al., 2004; Banci et al., 2001). Thus, even though 
sequentially conserved throughout all Cu-chaperone proteins, variability in the 
structural position of this residue amongst the chaperones may be Nature's way of 
conservatively exploiting diversity amongst different organisms. Although MetlO does 
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not act as a Cu ligand, its replacement with an Ala decreases Cu affinity of Atoxl, as this 
variant loses Cu to the chelator significantly faster and to a greater extent than wtAtoxl. 
A slightly lower proportion of adduct formation between this Atoxl variant and its 
physiological partner, W4, was observed by near-UV CD and gel filtration 
chromatography. The extent of Cu transfer from MetlOAlaAtoxl to W4 was also slightly 
lower than wtAtoxl. Thus, lower Cu affinity of this variant does not translate into higher 
yield of transfer to W4, providing evidence that proper partner-specificity is crucial to 
transfer. 
The next residue of interest in Atoxl is Thrl l; this position is occupied by a polar 
residue in this family of proteins (Arnesano et al., 2002). In Atoxl, Thr l l is solvent-
exposed in both the apo- and holo-forms and does not contribute to the hydrophobic 
core of the protein (Anastassopoulou et al., 2004). Thus, replacement with an Ala has 
minimal impact on protein stability. However, proximity of the residue to the Cu-site 
results in instability of the holo-state in the Ala variant, a change manifested as slightly 
lower Cu affinity than wtAtoxl in the BCA-Cu-chelation experiments. Thr l l has been 
proposed to form a hydrogen bond with one of the Cys in the Cu-binding site of the 
receptor metal-binding domain (Wernimont et al., 2000). Thus, replacement with an Ala 
abolishes the hydrogen bond and results in 3 fold lower extent of Cu transfer to W4 
than wtAtoxl. 
The Lys residue in position 60 of eukaryotic Cu chaperones is completely 
conserved and has been postulated to stabilize the bisthiolate Cu center as well as 
shield the Cu site from incoming ligands (Anastassopoulou et al., 2004; Wernimont et 
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al., 2000). This position is occupied by a Tyr in prokaryotic Cu chaperones. Lys60 was 
replaced by Ala and by Tyr to mimic the bacterial counterpart. The Ala variant was 
slightly less stable than wtAtoxI, whereas the Tyr mutant was more stable. The Tyr 
residue may form stabilizing hydrophobic interactions, as has been indicated by the 
solution structure of CopZ (Banci et al., 2003a; Banci et al., 2001). Regardless of the 
substitution, both variants are more prone to losing Cu to BCA than wtAtoxI, although 
subtle differences in the mechanism exist (see Chapter 4). No stable adduct between 
Lys60 Atoxl variants and W4 could be detected/isolated; both variants transfer 
significantly lower amounts of Cu to W4 compared to wtAtoxI, consistent with a crucial 
role of electrostatics in the Cu-transfer event. 
Both Wilson metal-binding domains exhibit similar overall trends in the 
mechanism of chelator-mediated Cu dissociation, but the patterns differ from the Atoxl 
variants. Initial binding of BCA to the Wilson MBDs is much slower than binding of BCA 
to Atoxl. The position in-between the metal-binding Cys is generally occupied by 
residues with larger side chains in the Cu-ATPase metal-binding domains compared to 
the chaperones (Arnesano et al., 2002). The side chain likely introduces steric hindrance 
in W2 and W4, retarding initial docking of an incoming ligand. This mechanism may be a 
"built-in" strategy to minimize Cu loss to the nearby domains, given the presence of 
multiple metal-binding domains in the N-terminus of the Cu- ATPases. 
The Cu-trafficking pathway between the Cu chaperone (Atoxl and its homologs) 
and the Cu-ATPases (Menkes/Wilson disease proteins and their homologs) represents a 
robust mechanism employed by nature over a broad swath of organisms to exploit the 
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redox potential of Cu in carrying out vital physiological functions while minimizing its 
associated toxicity. Various ATPases exist to facilitate translocation of ions across 
membrane (Wada and Kaplan, 2004). The presence of a unique N-terminal metal-
binding tail in Cu-ATPases ensures Cu is specifically chelated from a donor chaperone 
and transferred to the trans-membrane segment; this rules out the possibility of Cu 
existing free in the cytoplasm to promote generation of reactive oxygen species and 
subsequent damage of biological macromolecules. 
Future studies should be conducted to assess the behavior of the other four 
wild-type as well as disease causing variants of Wilson disease protein metal-binding 
domains and probe Cu-mediated interaction with Atoxl. The discoveries made herein 
contribute significantly to the current understanding of the Cu transfer pathway and will 
aid in future work by serving as a paradigm for this family of proteins. 
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